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14.  ABSTRACT 

p53  is  the  most  studied  protein  in  cancer;  however,  the  complex  multifunctional  nature  of  p53  has  made 
understanding  it's  mechanism(s)  of  tumor  suppression  difficult.  The  p53  protein  is  not  essential  for  life  as  p53  nullizygous 
mice  are  viable.  Nonetheless,  p53  is  important  for  responding  to  cellular  stresses  that  disrupt  the  normal  cellular 
homeostasis  and  threaten  genomic  integrity.  To  date  many  in  vitro,  tissue  culture  and  mouse  models  have  been  created 
to  study  functions  of  p53.  Mouse  models  that  retain  certain  aspects  of  p53  function  (cell  cycle  arrest  and/or  apoptosis)  still 
succumb  to  spontaneous  tumors,  suggesting  that  multiple  facets  of  p53  function  that  remain  poorly  defined  are  involved. 
Here,  we  evaluate  whether  two  separation-of-function  p53  mutants  can  affect  homologous  recombination  and  ask  how 
this  impacts  genomic  stability. 

The  role  of  p53  in  homologous  recombination  has  been  somewhat  controversial  and  its  relevance  to  general 
genome  stability  and  tumor  suppression  poorly  evaluated.  We  use  a  mouse  model,  pink-eyed  unstable,  to  assess 
homologous  recombination  in  vivo  during  somatic  development  for  two  p53  point  mutation  models.  The  p53  R1 72P 
homozygous  mutant  retains  the  ability  to  arrest  the  cell  cycle,  but  is  incapable  of  eliciting  apoptosis.  This  mutant 
suppressed  homologous  recombination  similar  to  wildtype  p53.  The  more  aggressive  p53  R172H  dominant  negative 
mutant  has  a  dysregulated  DNA  binding  domain  and  is  incapable  of  either  transactivating  known  p53  target  genes  or 
binding  proteins  whose  interaction  is  mediated  by  this  domain.  This  mutant  has  lost  the  capability  to  suppress 
homologous  recombination  similar  to  the  p53  nullizygous  mouse. 

The  pink-eyed  unstable  assay  is  based  on  the  deletion  of  one  copy  of  a  70  kb  tandem  duplication,  essentially  a 
copy  number  variant.  We  examined  the  status  of  copy  number  variations  in  the  genome  by  performing  array  comparative 
genomic  hybridization  on  cells  derived  from  the  two-p53  mutant  mice.  We  examined  mouse  embryonic  fibroblasts  derived 
from  the  p53  mutants,  as  well  as,  genotype-matched  tumors  and  observed  that  p53  suppresses  the  acquisition  of  somatic 
changes  in  these  structures  during  normal  and  tumor  development.  These  results  recapitulate  the  finding  that  Li- 
Fraumeni  patients,  who  inherit  a  dominant  negative  p53  mutation,  and  show  increased  copy  number  variation  compared 
with  the  general  population.  Further,  it  provides  an  interesting  potential  mechanistic  basis  for  the  genetic  anticipation 
phenotype  observed  with  Li-  Fraumeni  families,  as  we  observe  many  of  these  somatic  variants  have  become  fixed  in  our 
populations.  Finally,  this  study  provides  evidence  that  p53  can  directly  suppress  genomic  instability  which  may  otherwise 
facilitate  tumorigenesis. 

In  addition  to  our  work  on  p53,  we  also  set  out  to  determine  whether  a  variety  of  developmental  exposures  can 
induce  somatic  genomic  rearrangements  by  increasing  the  frequency  of  homologous  recombination.  We  exposed 
pregnant  dams  to  various  differently  acting  DNA-damaging  agents  at  a  specific  time  in  embryo  development.  We 
observed  an  increased  frequency  of  recombination  events  following  exposure  to  cisplatin,  methyl  methanesulfonate,  ethyl 
methanesulfonate,  3-aminobenzamide,  bleomycin,  and  etoposide  but  a  decreased  frequency  following  camptothecin  and 
hydroxyurea  exposure.  This  study  demonstrates  that  even  an  acute  in  utero  exposure  to  an  exogenous  damage  can  have 
long-term  consequences  on  somatic  genomic  variation. 

Taken  together,  the  goal  of  this  work  was  to  examine  the  effects  of  p53  mutation  on  homologous  recombination 
as  a  measure  of  genomic  instability.  Our  results  suggest  that  the  control  of  homologous  recombination  by  p53  may 
participate  in  its  tumor  suppressive  functions  by  protecting  genome  stability  from  daily  insults.  Somatic  genetic 
rearrangements  occurring  early  in  development  induced  in  response  to  endogenous  and  exogenous  factors  may  threaten 
genomic  integrity  while  the  p53  pathway  serves  to  mitigate  these  changes.  p53  is  often  a  targeted  therapy  and  further 
insight  into  the  function  of  p53  in  DNA  repair  pathways  can  be  vital  to  finding  novel  points  of  targeted  therapy.  Our  data 
will  add  insight  to  the  important  paradigm  of  genomic  instability  and  its  relation  to  breast  cancer  etiology. 
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Introduction 

The  purpose  of  this  project  is  to  determine  the  mechanism  for  how  the  tumor  suppressor,  p53, 
suppresses  homologous  recombination.  P53  is  implicated  in  50%  of  all  human  cancers  and 
inactivated  in  some  form  in  100%  of  human  cancers.  Homologous  recombination  (HR)  is  an  error 
proof  repair  mechanism  that  is  able  to  repair  any  type  of  DNA  lesion  with  high  fidelity.  However,  when 
the  HR  machinery  uses  an  incorrect  template  for  repair  large  deletions  in  the  genome  can  occur 
leading  to  a  predisposition  for  cancer.  P53  has  been  implicated  in  suppressing  homologous 
recombination  in  order  to  maintain  genomic  stability,  however  the  mechanism  is  still  unknown.  In  the 
first  year  of  this  grant  huge  strides  have  been  made  in  the  numbers  of  mice  breed  and  relevant  cells 
collected  for  the  purposes  of  experiments  outlined  in  the  aims  below.  The  PI  has  optimized  the  pun 
assay  and  mouse  husbandry  in  the  first  year  of  this  grant  and  has  collected  data  during  the  second 
year  of  the  grant  period.  The  second  and  third  year  accomplishments  included  four  middle  author 
publications  (Appendix  1-4)  due  to  the  Pi’s  knowledge,  and  expertise  in  various  areas  including  p53 
mutation,  DNA  repair  and  cell  cycle  function.  The  PI  also  attended  two  conferences  in  the  preceding 
year  where  she  presented  a  poster  and  had  several  committee  meetings  to  evaluate  the  work 
progress.  In  the  last  report  period,  the  PI  completed  work  for  specific  aims  listed  in  the  initial  proposal 
and  revised  SOW  (Appendix  6  )  and  was  in  the  process  of  completing  two  first  author  manuscripts 
and  writing  her  dissertation.  In  the  extension  period  (final  report)  the  PI  has  completed  all  necessary 
experiments  and  final  committee  meetings  and  has  successfully  defended  her  PhD  dissertation  on 
May  9,  2013.  One  first  author  manuscript  is  under  revision  for  the  journal  titled  DNA  Repair  (Appendix 
5)  and  the  other  manuscript  is  currently  being  prepared  for  submission.  A  review  article 
encompassing  the  introduction  to  the  approved  dissertation  is  being  prepared  currently  for 
publication.  The  PI  is  also  preparing  a  second  review  in  collaboration  with  other  graduate  students 
and  post-doctoral  fellows  in  the  lab  detailing  homologous  recombination  involved  in  cancer, 
environmental  and  genetic  factors. 
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Body 


P53  is  a  potent  tumor  suppressor  that  shields  the  genome  from  daily  interrogations  of 
endogenous  and  exogenous  damage,  most  importantly  through  its  ability  to  arrest  the  cell  cycle.  In 
response  to  damage,  p53  up  regulates  transcription  of  p21  leading  to  G1  arrest,  which  allows 
adequate  time  for  repair  of  lesions  before  entering  S  phase  (1 , 2).  Furthermore,  p53  has  been  linked 
to  G2/M  arrest  through  multiple  overlapping  p53-dependent  and  p53-independent  pathways  that 
inhibit  cdc2  (3).  As  a  final  resort  if  the  damage  is  severe  enough  p53  has  been  shown  to  induce 
apoptosis  in  certain  situations  (2,  4). 

P53  has  also  been  linked  to  various  DNA  repair  pathways  such  as  non-homologous  end 
joining  (NHEJ)  and  homologous  recombination  (HR).  Homologous  recombination  is  a  high  fidelity 
DNA  repair  mechanism  that  can  repair  almost  any  type  of  DNA  lesion  when  in  correct  equilibrium. 
When  this  delicate  balance  is  disrupted  as  seen  in  Blm  null  cells  resulting  in  hyperrecombination  or 
hyporecombination  in  Brcal  null  cells  the  ensuing  result  is  genomic  instability  (5). 

It  has  been  reported  previously  that  p53  down  regulates  spontaneous  homologous 
recombination  in  chromosomally  integrating  plasmid  substrate  models.  Bertrand  et  al.  using  a 
plasmid-based  system  with  PJS3-10  (mouse  L  cell  lines)  overexpressed  the  mutant  p53*75fyu'9>H,s ^ 
which  showed  a  5-20  fold  increase  in  spontaneous  recombination  compared  to  wild  type  control  cells. 
Further  analysis  showed  that  the  effect  of  the  p53  mutation  acted  on  both  rad51  dependent  gene 
conversion  events  and  deletion  events  (6). 

Willers  et  al.  also  showed  an  increase  in  recombination  frequency  in  a  temperature  sensitive 
p53  mutant  (Alai  35  to  Val)  using  a  plasmid  substrate  that  stably  integrated  into  p53  null  mouse 
embryonic  fibroblasts  (MEFs).  This  study  further  established  the  uncoupling  of  p53’s  function  in 
suppressing  HR  and  its  role  as  a  cell  cycle  checkpoint  protein  (7). 

The  Wiesmuller  lab  has  explored  the  role  of  p53  in  HR  using  a  rare  cutting  endonuclease 
ISCE-1  in  breast  cancer  cells  with  varying  p53  mutations.  This  study  used  a  DSB  repair  assay  to 
show  that  some  p53  mutants  retain  partial  ability  to  repair  double  strand  breaks  by  repressing 
aberrant  HR  and  less  infrequently  through  NHEJ  and  SSA(8). 

P53  is  mutated  in  50%  of  all  human  cancers  and  most  likely  inactivated  by  some  other 
mechanism  in  the  other  50%.  Patients  with  Li  Fraumeni  syndrome  suffer  from  a  germ  line  mutation  in 
p53  and  subsequently  endure  an  early  onset  of  cancer.  Mouse  models  have  been  created  to 
recapitulate  this  phenomenon  and  are  surprisingly  viable.  80%  of  P53  null  mice  come  down  with 
lymphomas  within  6  months  and  the  rest  suffer  from  sarcomas.  MEFs  from  these  mice  show 
aneuploidy,  allelic  loss  and  gene  amplification.  Most  of  these  germline  mutations  are  missense 
mutations  occurring  in  the  DNA  binding  domain  of  p53.  One  such  mutant  is  the  p53-R172P  and  p53- 
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R172H  mouse  model  (9).  The  p53-R172P  mouse  is  able  to  induce  partial  cell  cycle  arrest  in  response 
to  DNA  damage  but  is  defective  in  promoting  apoptosis.  Mice  homozygous  for  this  mutation  escape 
the  early  onset  of  lymphomas  that  is  typical  for  p53  null  mice,  however  these  mice  eventually  do 
succumb  to  tumors  that  have  a  normal  diploid  number  of  chromosomes  in  contrast  to  p53  null  tumors. 
The  p53-R172H  mouse  shows  an  inability  to  transactivate  p53  target  genes  as  well  as  a  defect  in 
apoptosis  induction  (10).  A  majority  of  mice  homozygous  for  p53-R172H  developed  lymphomas 
similar  to  p53  null  mice  with  a  smaller  percent  developing  sarcomas.  P53-R172H  heterozygous  mice 
developed  sarcomas  and  a  surprising  number  of  osteosarcomas  and  carcinomas  that  metastasized, 
which  were  not  seen  in  p53  heterozygous  mice  (9).  Interestingly,  the  p53-R172H  tumors  showed  a 
high  level  of  aneuploidy  similar  to  p53  null  mice  but  unlike  p53-R172P  mice.  Given  this  we  sought  to 
look  at  the  HR  frequency  of  these  two  mutants  to  determine  if  there  is  a  difference  in  in  the  ability  to 
suppress  HR  similar  to  WT  given  the  different  functionalities  of  these  to  mutants.  HR  is  measure  of 
genomic  instability,  even  though  it  can  fix  any  type  of  genotoxic  lesion,  when  used  incorrectly  it  can 
cause  large  deletions  and  lesions  in  the  genome.  Using  the  in  vivo  pun  assay  we  have  seen  an 
increase  in  HR  frequency  in  many  mouse  models  of  the  DNA  damage  repair  pathway.  HR  frequency 
is  increased  in  BLM  null,  p53  null  and  parp  null  mice  and  decreased  in  Brcal  and  Brca2  null  animals 
(5,  and  unpublished  work). 

Given  the  power  of  this  assay  here  we  used  the  in  vivo  pun  assay  to  determine  the 
consequence  of  HR  suppression  in  two  breast  cancer  hotspot  p53  mutant  mouse  models  with 
differing  loss  of  function.  The  p53-R172P  mice,  which  are  defective  in  their  ability  to  induce  apoptosis 
but  are  able  to  induce  cell  cycle  genes,  retained  the  ability  to  suppress  HR  similar  to  wild  type  p53 
animals.  The  more  aggressive  p53-R172H  mouse  showed  increase  HR  similar  to  p53  null  mice, 
which  do  not  produce  any  p53  protein  at  all. 
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Specific  Aim  1:  Determine  whether  DNA-damaging  agents  with  varying  modes  of  action  can 
induce  somatic  change  in  an  in  vivo  mouse  model  of  homologous  recombination 

Much  of  our  understanding  of  homologous  recombination,  as  well  as  the  development  of  the 
working  models  for  these  processes,  has  been  derived  from  extensive  work  in  model  organisms,  such 
as  yeast  and  fruit  flies,  and  mammalian  systems  by  studying  the  repair  of  induced  double  strand 
breaks  or  repair  following  exposure  to  genotoxic  agents  in  vitro.  We  therefore  set  out  to  expand  this  in 
vitro  work  to  ask  whether  DNA-damaging  agents  with  varying  modes  of  action  could  induce  somatic 
change  in  an  in  vivo  mouse  model  of  homologous  recombination.  We  exposed  pregnant  dams  to 
DNA-damaging  agents,  conferring  a  variety  of  lesions  at  a  specific  time  in  embryo  development.  To 
monitor  homologous  recombination  frequency,  we  used  the  well-established  retinal  pigment 
epithelium  pink-eyed  unstable  assay.  Homologous  recombination  resulting  in  the  deletion  of  a 
duplicated  70  kb  fragment  in  the  coding  region  of  the  Oca2  gene  renders  this  gene  functional  and  can 
be  visualized  as  a  pigmented  eyespot  in  the  retinal  pigment  epithelium.  We  observed  an  increased 
frequency  of  pigmented  eyespots  in  resultant  litters  following  exposure  to  cisplatin,  methyl 
methanesulfonate,  ethyl  methanesulfonate,  3-aminobenzamide,  bleomycin,  and  etoposide  with  a 
contrasting  decrease  in  the  frequency  of  detectable  reversion  events  following  camptothecin  and 
hydroxyurea  exposure.  The  somatic  genomic  rearrangements  that  result  from  such  a  wide  variety  of 
differently  acting  damaging  agents  implies  long-term  potential  effects  from  even  short-term  in  utero 
exposures. 

Mouse  cohort  and  breeding 

C57BL/6J  pun/un  mice  were  obtained  from  the  Jackson  Laboratory  (Bar  Harbor,  ME). 
Experimental  cohorts  were  maintained  by  breeding  homozygous  pun/un  mice  to  generate  sufficient 
numbers  of  animals  for  exposure  experiments.  All  animal  studies  were  conducted  in  accordance  with 
University  and  Institute  IACUC  policies,  as  outlined  in  protocol  07005-34-02-A,B1  ,C. 

Timing  of  pregnancy  and  exposure  to  agents 

Mice  homozygous  for  pun/unwere  bred  with  successful  copulation,  which  was  indicated  by  a 
vaginal  plug  and  timed  as  0.5  days  post  coitum.  Pregnant  dams  were  then  exposed  to  various  DNA- 
damaging  agents  (Table  A.1 )  on  embryonic  day  12.5. 
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Table  A.1 :  Summary  of  different  classes  of  reagents  purchased  from  Sigma  (St.  Louis,  MO)  and 
administered  intraperitoneally  on  embryo  day  12.5  to  pregnant  dams 


Agent 

Mode  of  action 

CAS  no. 

Control  (0.9%  normal  saline) 

7647-14-5 

Cis-diamineplatinum(ll) 

dichloride 

Cross-linking  agent 

15663-27 

Methyl  methanesulfonate 

Ethyl  methanesulfonate 

Alkylating  agents 

66-27-3 

3-aminobenzamide 

PARP  inhibitor 

62-50-0 

Bleomycin  sulfate 

Radiomimetic  agent 

3544-24-9 

Etoposide 

Topoisomerase  II  inhibitor 

9041-93-4 

Camptothecin 

Topoisomerase  1  inhibitor 

33419-42-0 

Hydroxyurea 

Ribonucleotide  reductase 

inhibitor 

7689-03-4 

The  DNA-damaging  agents  were  prepared  in  0.9%  normal  saline  (also  used  as  a  control)  and 
injected  intraperitoneally  to  pregnant  dams.  The  dose  of  each  agent  was  calculated  based  on  the 
weight  of  the  pregnant  dam  (per  30  g)  and  prepared  in  a  0.2  mL  solution. 

Eye  dissection  and  pun  reversion  (homologous  recombination)  assay 

Eyes  from  30-day-old  pups  derived  from  exposed  pregnant  dams  were  harvested  and 
dissected  as  previously  described  [8],  RPE  whole  mounts  were  prepared  and  imaged  using  a  Zeiss 
Lumar  version  12  stereomicroscope,  Zeiss  AxioVision  MRm  camera,  and  Zeiss  AxioVision  4.6 
software  (Thornwood,  NY).  For  each  RPE,  the  total  number  of  pigmented  eyespots  was  scored  along 
with  the  number  of  cells  that  comprised  each  eyespot  as  detailed  in  Claybon  et  al.  [18],  The  position 
of  each  pigmented  eyespot  was  also  recorded  to  confirm  the  correlation  between  the  time  of 
exposure  and  the  location  of  any  induced  reversion  events,  as  previously  described  [9],  The  criterion 
for  scoring  a  pun  reversion  event  as  well  as  the  analysis  of  its  position  on  the  RPE  was  also  previously 
outlined  in  Bishop  et  al.  [8],  Briefly,  an  eyespot  was  scored  as  one  or  more  reverted  cell  (indicated  by 
black  pigmentation  in  an  otherwise  transparent  cell  layer),  separated  by  no  more  than  one 
unpigmented  cell. 
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Statistics 

Statistical  analysis  was  performed  using  GraphPad  Prism  6.0  (La  Jolla,  CA)  software.  We  first 
performed  a  normality  test  and  determined  that  our  data  did  not  follow  a  normal  Gaussian  distribution. 
We  therefore  chose  nonparametric  tests  that  compare  distributions  of  2  unpaired  groups.  A  Mann- 
Whitney  test  was  used  to  analyze  pun  reversion  frequency  between  DNA-damaging  agents  and 
control.  We  used  a  Kolmogorov-Smirnov  test  to  analyze  distribution  differences  in  eyespot  position 
data  between  control  and  differing  DNA-damaging  agents. 

Results 

Survival  analysis  of  pregnant  dams’  post  exposure  to  varying  doses  of  DNA-damaging  agents 

Dosing  for  each  agent  was  empirically  derived  based  on  a  combination  of  reported  LD5o  (lethal 
dose  50%)  levels,  published  fetotoxicity  data,  and  previous  work  done  with  the  pun  fur-spot  assay  [10]. 
We  performed  a  survival  analysis  study  to  determine  which  doses  maximized  dam  survival,  litter  size, 
and  pun  fur-spot  induction  (Table  1 ).  The  fur-spot  assay  was  used  merely  as  an  indicator  to  confirm 
that  the  chosen  dose  for  each  agent  was  capable  of  inducing  HR  by  our  assay,  but  it  generally 
requires  many  more  mice  to  establish  statistical  significance  compared  to  the  eyespot  assay.  For 
cisplatin  and  MMS,  a  dose  of  2.5  mg/kg  and  0.2  mg/kg,  respectively,  resulted  in  robust  litter  sizes  and 
pun  fur-spot  induction.  The  100  mg/kg  dose  for  EMS  did  not  result  in  spotted  pups;  however,  given 
that  the  eyespot  assay  is  more  sensitive  (one-cell  resolution)  compared  with  the  clonal  expansion  of 
revertant  cells  needed  to  visualize  a  fur-spot,  we  went  forward  with  this  dose  for  our  study.  Bleomycin 
proved  to  be  quite  toxic  to  the  pregnant  dams;  therefore,  we  selected  a  dose  of  5  mg/kg,  which  gave 
larger  litter  sizes  and  an  18%  fur-spot  frequency.  In  contrast,  we  selected  the  highest  dose  tested  for 
3AB  because  it  did  not  appear  to  harm  the  dams.  The  topoisomerase  inhibitors,  etoposide  and 
camptothecin,  resulted  in  very  few  litters  at  high  doses;  however,  lower  doses  of  these  agents  still 
elicited  a  robust  36%  fur-spot  frequency.  A  midrange  dose  of  the  replication  inhibitor,  HU,  resulted  in 
a  27%  fur-spot  frequency  and  100%  survival  (Table  1). 
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Table  1:  pun  Fur-spot  assay  results  following  exposure  to  varying  DNA-damaging  agents  and  a  saline  control 


agent 

dose 

(mg/k) 

number 

of  dams 

injected 

litters 

number  of  pups 

total 

pups 

spotted 

pups 

% 

spotted 

Control 

0.9% 

8 

8 

8 

8 

8 

6 

6 

5  5  4 

50 

9 

18 

normal 

saline 

Cisplatin 

2.5 

7 

4 

9 

8 

5 

3 

25 

8 

32 

MMS 

100.0 

6 

4 

7 

6 

6 

4 

23 

23 

100 

0.2 

6 

6 

9 

8 

8 

8 

7 

5 

45 

10 

22 

EMS 

100.0 

4 

3 

7 

6 

5 

18 

0 

0 

Bleomycin 

10.0 

5 

2 

3 

1 

4 

3 

75 

5.0 

4 

3 

11 

8 

3 

22 

4 

18 

2.5 

8 

5 

8 

7 

6 

6 

5 

32 

5 

16 

1.0 

3 

1 

3 

3 

0 

0 

3AB 

400.0 

4 

3 

8 

6 

6 

20 

0 

0 

300.0 

4 

3 

9 

8 

7 

24 

0 

0 

200.0 

4 

3 

7 

6 

4 

17 

0 

0 

100.0 

4 

3 

11 

10 

6 

27 

0 

0 

Etoposide 

60.0 

3 

0 

40.0 

3 

0 

20.0 

7 

2 

6 

8 

14 

3 

21 

10.0 

7 

0 

5.0 

6 

1 

4 

4 

3 

75 

2.5 

3 

3 

7 

5 

2 

14 

5 

36 

1.0 

3 

3 

7 

5 

4 

16 

3 

19 

Camptothecin 

40.0 

4 

0 

20.0 

4 

0 

10.0 

4 

0 

5.0 

3 

0 

2.0 

9 

2 

2 

4 

6 

1 

17 

1.0 

5 

5 

8 

5 

6 

5 

4 

28 

10 

36 

Hydroxyurea 

5000.0 

4 

0 

3000.0 

4 

1 

8 

8 

2 

1000.0 

4 

0 

300.0 

3 

3 

8 

6 

8 

22 

6 

27 

200.0 

2 

1 

3 

3 

1 

33 

100.0 

2 

2 

6 

2 

8 

0 

0 
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Exposure  to  DNA-damaging  agents  with  different  modes  of  action  induces  homologous 
recombination 

Either  naturally  or  by  design,  chemotherapeutic  agents  with  differing  modes  of  action  lead  to  a 
variety  of  lesions,  such  as  strand  breaks,  DNA  adducts,  and  DNA  cross-links,  among  others.  These 
lesions  are  detected  by  surveillance  machinery  that  operates  by  triggering  a  robust  DNA-damage 
signal  cascade,  thereby  prompting  appropriate  DNA-repair  pathways.  HR  is  one  such  pathway; 
however,  much  of  our  understanding  of  this  pathway  stems  from  either  lower  organisms  or  tissue- 
culture  studies  on  the  repair  of  induced  double-strand  breaks.  Therefore,  we  set  out  to  ask  whether 
differing  types  of  DNA  lesions  could  induce  somatic  HR  in  vivo.  We  exposed  pregnant  dams  at  a 
specific  time  in  embryo  development  (12.5  dpc)  to  DNA-damaging  agents  that  have  differing  modes 
of  action.  The  simplest  assessment  of  these  agents  is  to  determine  the  frequency  of  reversion  events 
in  each  RPE  for  each  agent  exposure  compared  to  the  saline  control.  Upon  examining  the  frequency 
of  eyespots  (pun  reversions)  per  RPE,  we  found  that  all  agents,  except  camptothecin  and  HU, 
significantly  induced  HR  compared  to  the  control  (Fig.  la  and  Table  2).  The  cross-linking  agent, 
cisplatin,  and  both  alkylating  agents,  MMS  and  EMS,  showed  a  twofold  induction  of  eyespots  per 
RPE  (P  <  0.0001 ;  Mann-Whitney  test).  Though  not  as  robust,  PARP  inhibition  (P  <  .001 ;  Mann- 
Whitney  test),  bleomycin,  and  the  Top2  poison,  etoposide  (P  <  .01;  Mann-Whitney  test),  also 
significantly  induced  HR  in  comparison  to  the  control  agent  (Fig.  la  and  Table  2).  Whereas  most  of 
the  agents  resulted  in  a  concomitant  increase  in  the  number  of  revertant  cells  (Table  2),  camptothecin 
and  HU  showed  a  highly  statistically  significant  decrease  in  the  number  of  eyespots  (P  <  .0001 ; 
Mann-Whitney  test)  and  an  overall  fewer  number  of  cells  per  RPE,  possibly  due  to  the  dose  selected 
for  this  study  (Fig.  la  and  Table  2).  It  is  interesting  that  these  latter  data  contrast  with  the  clear 
induction  observed  using  the  fur-spot  assay,  which  indicated  that  the  selected  doses  should  induce 
pun  reversion,  albeit  with  possible  cytotoxic  effects  in  the  RPE  (Table  1).  The  resultant  litters  from 
pregnant  dams  exposed  to  EMS,  showed  a  clear  induction  of  pun  reversion  in  the  RPE  (compared 
with  no  induction  in  the  fur),  which  indicates  an  increased  sensitivity  of  the  eyespot  assay  to  detect 
damage-induced  HR  events.  These  results  suggest  that  many  forms  of  damage — not  just  strand 
breaks — are  capable  of  inducing  recombinogenic  lesions. 
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Table  2:  Summary  of  pun  reversion  events  and  RPE  examined  following  a  saline  control  and  various 
DNA-damaging  agents 


Agent 

Dose 

(mg/kg) 

Total 

Average 

RPE 

Eyespots 

Cells 

Eyespots 

per  RPE 

Cells  per 

RPE 

Cells  per 

eyespot 

Control 

Saline 

26 

104 

203 

4.0  ±  1.1 

7.8  ±4.0 

2.0  ±  1.3 

Cisplatin 

2.5 

16 

140 

404 

8.8  ±3.2 

25.3  ±  22.5 

2.9  ±4.4 

MMS 

0.2 

15 

123 

290 

8.2  ±3.6 

19.3  ±  14.2 

2.4  ±2.9 

EMS 

100.0 

17 

133 

281 

7.8  ±2.6 

16.5  ±  9.6 

2.1  ±  2.2 

3AB 

400.0 

17 

104 

215 

6.1  ±  2.6 

12.6  ±9.6 

2.1  ±  2.0 

Bleomycin 

5.0 

17 

106 

274 

6.2  ±3.0 

16.1  ±  15.7 

2.6  ±  3.4 

Etoposide 

2.5 

16 

97 

255 

6.1  ±  2.4 

15.9  ±  10.5 

2.6  ±  3.5 

Camptothecin 

1.0 

17 

31 

45 

1.8  ±  1.9 

2.6  ±3.3 

1.5  ±  1.7 

Hydroxyurea 

300.0 

17 

29 

78 

1.7  ±  2.4 

6.5  ±  14.4 

3.0  ±3.5 

Induction  of  single-cell  and  multicell  reversion  events  differ  depending  on  the  mode  of  action 
of  DNA-damaging  agents 

In  addition  to  directly  providing  HR  frequency  information  in  a  developing  mouse  RPE,  the  pun 
RPE-based  reversion  assay  allows  for  the  further  subdivision  of  eyespot  frequency  into  those 
eyespots  consisting  of  one  cell  (single-cell  eyespots)  and  those  with  more  than  one  cell  (multicell 
eyespots).  The  idea  is  that  events  resulting  in  multicell  eyespots  are  more  likely  to  have  been  tied  to 
replication,  such  that  reversion  in  one  cell  that  is  actively  replicating  its  DNA  clonally  expands  into  a 
group  of  daughter  cells.  Thus,  according  to  our  criteria,  we  would  score  a  clonally  expanded  multicell 
eyespot  as  a  single  reversion  event.  In  contrast,  a  single-cell  eyespot  might  have  been  derived  from 
an  event  that  was  not  necessarily  tied  to  replication  or  in  a  cell  that  was  in  its  terminal  division  and  did 
not  continue  to  divide  once  the  revertant  p  gene  segregated  into  one  daughter  cell.  However,  the  pun 
reversions  that  result  in  single-cell  eyespots  may  result  from  cells  that  are  in  G1  through  a  single 
strand  annealing  type  event.  Since  we  observe  that  the  induced  events  occur  in  specific  regions  of 
the  RPE  (and  not  in  regions  that  are  post  mitotic  at  the  time  of  exposure)  suggests  that  whether 
single-cell  or  multicell,  pun  reversions  arise  in  cells  that  are  actively  dividing  at  the  time  of  exposure. 
Our  data  showed  a  significant  increase  in  frequency  of  single-cell  reversion  events  for  cisplatin,  EMS, 
and  MMS  (P  <  .0001;  Mann-Whitney)  with  only  a  small  increase  in  multicell  events  for  MMS  (P  <  .05; 
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Mann-Whitney;  Figs.  1b  and  1c).  3AB  and  bleomycin  also  showed  an  increase  in  single-cell  events  (P 
<  .05  and  P  <  .01,  respectively;  Mann-Whitney)  with  no  induction  of  multicell  events  (Figs.  1b  and  1c). 

In  contrast,  HU  exposure  resulted  in  a  significant  decrease  in  single-cell  events  (P  <  .01; 
Mann-Whitney);  in  addition,  both  HU  and  camptothecin  appeared  to  have  a  significant  decrease  in 
the  frequency  of  multicell  eyespots  compared  with  the  control  agent  (P  <  .001  and  P  <  .0001 , 
respectively;  Mann-Whitney;  Figs.  1b  and  1c).  An  interesting  finding  was  that,  of  the  17  RPE  analyzed 
following  camptothecin  exposure,  only  5  of  31  eyespots  were  scored  as  multicell  reversion  events, 
compared  with  50%  in  the  control  group.  Further,  we  observed  an  induction  of  reversion  events 
following  camptothecin  exposure  using  the  pun  fur-spot  assay  (similar  to  that  reported  by  others;  eg, 
[19]),  but  a  decrease  in  the  pun  eyespot  assay  for  the  same  animals.  This  suggests  a  tissue-specific 
difference  in  response,  perhaps  with  RPE  cells  being  more  sensitive  to  camptothecin,  resulting  in 
greater  cell  death,  permanent  cell  cycle  arrest,  or  repair  by  other  pathways  without  induction  of  HR 
events. 
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Figure  1 :  Tukey  box  and  whiskers  plot  of  the  frequency  of  pun  reversion  events  for  (a)  total  (b)  single¬ 
cell  and  (c)  multicell  eyespots  per  RPE  following  saline  control  and  DNA-damaging  agents.  The 
dashed  line  indicates  the  control  frequency  for  comparison.  A  nonparametric  Mann-Whitney  test  was 
used  to  analyze  the  frequency  data;  increased  significance  is  denoted  by  asterisks  (*P  <  .05,  **P  < 

.01 ,  ***P  <  .001 ,  ****p  <  .0001 )  and  a  significant  decrease  is  denoted  by  diamonds  (UUP  <  .01 ,  UUUP  < 
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.001,  UUUUP<  .0001). 


Position  frequency  of  reversion  events  following  exposure  to  DNA-damaging  agents 

In  addition  to  examining  the  frequency  of  events,  another  aspect  of  the  pun  eyespot  assay  is 
that  the  position  of  events  found  in  the  adult  RPE  can  be  related  to  the  specific  time  during 
development  when  they  occurred  [8],  The  RPE  development  results  from  an  edge-biased  pattern  of 
proliferating  cells  that  orient  outward  radially  [20],  Previously,  Bishop  et  al.  demonstrated  that  the  time 
of  exposure  to  a  DNA-damaging  agent  during  development  correlates  strongly  with  the  location  of 
induced  revertant  events  in  the  adult  RPE  [8],  Therefore,  those  eyespots  that  are  near  to  the  centrally 
located  optic  nerve  occurred  early  in  development,  whereas  those  positioned  toward  the  edge  of  the 
RPE  (distal  to  the  optic  nerve  head)  most  likely  occurred  later  in  embryo  development.  Considering 
that  all  of  the  exposures  were  conducted  at  embryo  day  12.5,  we  expect  this  to  correlate  to  an 
induction  of  pun  reversion  events  at  approximately  one  third  of  the  distance  from  the  optic  nerve  head 
to  the  edge  of  the  RPE  (ie,  “position  0.3”). 

To  determine  whether  there  was  a  positional  effect  of  the  observed  increase  in  eyespots 
following  exposure  to  DNA-damaging  agents,  we  analyzed  the  distribution  of  pun  reversion  events 
using  a  nonparametric  Kolmogorov-Smirnov  test  to  evaluate  pattern  shifts  of  eyespots  between  the 
control  RPE  and  those  exposed  to  DNA-damaging  agents  (Fig.  2a).  Cisplatin  (P  <  .01;  Kolmogorov- 
Smirnov),  MMS  and  EMS  (P  <  .05;  Kolmogorov-Smirnov)  showed  a  significant  shift  in  distribution  of 
total  reversion  events  compared  to  control  (Fig.  2a).  We  further  compared  and  contrasted  the  pattern 
of  eyespot  distribution  for  single-  and  multicell  events  separately.  An  examination  of  RPE  for  single¬ 
cell  eyespots  (Fig.  2b)  revealed  an  induction  pattern  similar  to  that  observed  for  total  eyespots  but 
positioned  more  toward  the  proximal  region  of  the  RPE  for  these  agents  (P  <  .01 ,  P  <  .05,  P  <  .01 , 
respectively;  Kolmogorov-Smirnov),  with  no  significant  distribution  difference  in  multicell  reversion 
events  compared  to  the  control  agent  (Fig.  2c). 

Bleomycin  did  not  have  a  significant  pattern  change  in  total  eyespots  but  there  was  a 
significance  in  single-cell  eyespots  (P  <  .05;  Kolmogorov-Smirnov)  with  an  apparent  spike  of 
reversion  events  in  regions  following  induction  suggesting  a  quick  mode  of  action  for  this  agent 
compared  to  the  control  agent  (Figs.  2a  and  2b).  PARP  inhibition  and  etoposide  exposure  also 
resulted  in  a  robust  distribution  change  in  total  eyespots  (P  <  .01;  Kolmogorov-Smirnov)  and  a  shift  to 
more  proximal  regions  for  single-cell  eyespots  (P  <  .05,  P  <  .01,  respectively;  Kolmogorov-Smirnov), 
which  was  more  substantial  following  3AB  induction  compared  to  the  control  agent  (Fig.  2b).  Again  no 
significance  was  indicated  in  multicell  reversion  events  (Fig.  2c).  The  differences  in  position  and 
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pattern  shifting  between  single  and  multicell  events  have  been  reported  for  various  genetic 
backgrounds  [21]  and  following  DNA-damage  exposure  [8,  9], 

It  is  interesting  that  the  significant  decrease  seen  in  the  total  frequency  of  eyespots  (P  <  .05,  P 
<  .01,  respectively;  Kolmogorov-Smirnov)  was  also  recapitulated  in  the  distribution  pattern  of  these 
eyespots  following  camptothecin  and  HU  exposure  (Fig.  2a).  For  HU,  the  distribution  difference  is 
significant  amongst  single-cell  reversion  events  (P  <  .05;  Kolmogorov-Smirnov),  with  an  apparent  lack 
of  eyespots  directly  following  exposure,  possibly  due  to  cell  death  (Fig.  2b).  Although  not  significant, 
the  patterning  of  eyespots  following  camptothecin  exposure  indicates  a  loss  in  multicell  eyespots  in 
the  more  distal  regions  of  the  RPE,  suggesting  cytotoxicity  in  proliferating  cells  or  an  alternative 
pathway  to  repair  the  damage  (Fig.  2c). 

Previous  work  by  Bishop  et  al.  correlated  an  induction  of  damage-induced  HR  (using 
benzo[a]pyrene)  to  a  particular  time  in  fetal  development  [8],  Based  on  these  calculations,  we 
performed  our  inductions  at  embryo  day  12.5  to  maximize  exposure  to  proliferating  cells.  However, 
the  lack  of  significance  in  multicell  reversion  events  following  most  of  the  DNA-damaging  agents 
suggests  that  we  might  have  missed  the  optimal  “signal-to-noise”  ratio  for  the  agents  used.  Still,  the 
results  reported  here  suggest  a  significant  difference  in  the  repair  of  different  types  of  lesions 
resulting  from  exposure  to  different  types  of  agents. 
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(A)  Total  Eyespots  (B)  Single-cell  Eyespots  (C)  Multi-cell  Eyespots 


Figure  2:  Position  analysis  of  reversion  events  per  RPE.  Position  intervals  are  indicated  on  the  x-axis, 
where  the  0.0  position  interval  corresponds  to  the  central  region  of  the  RPE  near  the  optic  nerve  and 
the  position  interval  1 .0  represents  the  edge  of  the  RPE.  A  Kolmogorov-Smirnov  test  was  used  to 
analyze  position  distributions  with  individual  significance  denoted  in  each  figure. 
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Discussion 

Exposure  to  environmental  genotoxins  or  endogenous  byproducts  of  normal  cellular  processes 
represents  a  peril  to  genomic  integrity.  Given  this,  many  species  have  adapted  a  robust  set  of  DNA- 
repair  processes  that  can  remove  DNA  lesions  and  hopefully  maintain  the  integrity  of  the  genetic 
material.  Each  repair  process  has  a  preferred  substrate,  although  the  significant  redundancy  that 
exists  between  these  processes  creates  overlap  in  the  substrates.  For  example,  it  has  been  shown 
that  base  excision  repair,  nucleotide  excision  repair,  and  recombination  can  all  repair  the  alkylation 
damage  associated  with  MMS  exposure  [22],  Actually,  HR  is  a  process  that  should  be  capable  of 
repairing  any  genotoxic  DNA  lesion  given  the  appropriate  homologous  template.  However,  the  fact 
that  HR  must  be  kept  in  delicate  balance  to  maintain  genomic  integrity  and  curb  tumorigenesis  is 
evidenced  by  mouse  models  deficient  in  key  HR  proteins.  For  instance,  previous  work  using  the  pun 
eyespot  assay  with  mice  deficient  in  BRCA1  (breast  cancer,  1  early  onset)  resulted  in  a  decreased 
frequency  of  HR  compared  to  wild-type  mice,  In  contrast,  a  hyperrecombination  HR  phenotype  was 
seen  in  mice  lacking  RecQ  helicase,  BLM,  the  gene  associated  with  Bloom  syndrome  [23],  BRCA1 
and  BLM  deficiency  yield  a  polarized  HR  phenotype,  yet  both  lead  to  a  higher  incidence  of  cancer, 
most  likely  because  of  increased  chromosomal  instability  due  to  an  imbalance  of  HR  repair.  In  this 
study,  we  sought  to  determine  whether  previously  established  DNA-damaging  agents,  either  naturally 
occurring  or  manufactured,  were  able  to  elicit  deletion  events  at  a  particular  locus  by  using  the  in  vivo 
pun  mouse  model.  By  determining  the  frequency  of  pigmented  cell  spots  in  the  RPE,  we  demonstrated 
that  in  utero  exposure  to  these  agents  at  an  established  time  in  embryo  development  resulted  in  an 
increased  frequency  of  reversion  events  in  our  system  compared  to  a  saline  control.  This  increased 
frequency  of  HR  in  the  RPE  following  exposure  to  DNA-damaging  agents  is  likely  to  be  representative 
of  the  somatic  mutation  and  genetic  alterations  that  may  be  induced  in  other  highly  proliferative  cells 
during  embryo  development.  Any  such  somatic  change  in  development  has  the  potential  to  be 
clonally  expanded,  altering  the  genetic  makeup  of  subsets  of  cells  in  the  adult  body  with  long-term 
consequences  on  the  genetic  integrity  of  cells. 

The  cytoplasm  of  a  wild-type  RPE  cell  is  packed  with  melanosomes  (specialized  organelles 
filled  with  melanin  granules),  which  give  these  light-sensitive  cells  their  dark  guise.  The  murine  pink¬ 
eyed  dilution  gene,  p  (also  called  the  Oca2  gene)  encodes  for  the  P  protein,  which  is  involved  in 
maintaining  the  pH  balance  necessary  for  melanin  production  [24],  When  the  p  gene  is  nonfunctional 
(as  in  the  pun/un  genotype),  melanin  production  is  compromised,  resulting  in  a  dilute  color  compared  to 
the  normal,  robust,  black-brown  pigmentation  in  the  RPE  and  other  pigmented  tissues,  such  as  the 
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fur.  In  the  event  of  an  HR  reversion  of  the  disrupting  70  kb  duplication  segment  in  the  pun  mutation,  a 
pigmented  eyespot  can  be  visualized  among  a  clear  background.  This  readout  allows  us  to  determine 
baseline  frequencies  of  HR,  which  we  suggest  is  normal  maintenance  to  ensure  genomic  integrity  as 
well  as  any  deviations — either  hypo-  or  hyperrecombination — as  evidenced  by  the  aforementioned 
work  done  with  mouse  models  deficient  in  HR  proteins  [23],  as  well  as  others  [18,  25], 

Studies  that  offer  information  about  the  developmental  timing  in  which  drugs  might  act  can  provide 
insight  into  consequences  of  clonal  expansion  of  these  somatic  mutations.  Due  to  its  modes  of  action 
(adduction  and  cross-linking  of  DNA),  cisplatin  results  in  DNA  damage.  Once  this  damage  is 
detected,  DNA-repair  machinery  (such  as  HR)  is  initiated,  or  else  the  damage  elicits  an  apoptotic 
response.  Exposure  to  cisplatin  has  been  shown  to  increase  sister  chromatid  exchanges  (SCEs)  [26], 
a  crossover  event  between  2  sister  chromatids  that  is  most  likely  a  result  of  HR  [27],  In  agreement 
with  the  findings  of  this  in  vitro  study,  cisplatin  was  also  a  strong  inducer  of  HR  in  our  assay  for  the 
dose  that  was  used.  We  saw  a  robust  increase  in  total  and  single-cell  eyespots  and  a  nonsignificant 
increase  in  multicell  eyespots  in  the  RPE  of  embryos  harvested  from  pregnant  dams  exposed  to  a 
single  dose  of  2.5  mg/kg  of  cisplatin.  This  dose  would  be  considered  relatively  low  by  clinic  standards, 
which  are  often  higher  and  given  in  multiple  regimens;  nonetheless,  the  dose  was  able  to  elicit  a 
response  in  our  system,  suggesting  that  HR  is  instigated  in  response  to  lesions  involving  DNA 
adducts  and  cross-linking  damage. 

Alkylating  chemotherapy  drugs,  such  as  temozolomide,  ifosfamide,  and  cyclophosphamide, 
have  their  effect  in  every  phase  of  the  cell  cycle  and  are  thus  desirable  for  use  on  a  wide  range  of 
cancers.  They  have  been  shown  to  be  very  effective  in  the  treatment  of  slow-growing  cancers,  solid 
tumors,  and  leukemia  but  are  also  used  to  treat  lung  cancer,  ovarian  cancer,  breast  cancer,  and 
others.  Both  MMS  and  EMS  are  S(N)2  agents  involved  in  base  N-methylation  that  can  lead  to  the 
formation  of  apurinic  sites  that  block  replication  [28],  Point  mutations  are  a  common  and  typical 
consequence  of  alkylation  damage  due  to  guanine  alkylation,  as  are  DNA  strand  breaks  and  DNA 
fragmentation.  That  these  agents  induce  HR  has  been  indicated  by  an  increase  in  SCEs  in  various 
murine  tissues  (including  bone  marrow,  liver,  and  kidney  tissues)  following  intraperitoneal  injection  of 
MMS  [29],  The  frequency  of  HR  was  also  examined  using  recombination  between  2  tandemly 
arranged  neomycin  gene  fragments  in  the  ovary  cells  of  Chinese  hamsters  (CHO:5)  and  was  found  to 
be  increased  by  MMS  treatment  [30],  Using  the  in  vivo  pun  fur-spot  assay,  other  studies  have 
demonstrated  that  HR  is  induced  by  either  EMS  or  MMS  [10],  which  we  now  recapitulate  in  this  paper 
using  the  more  sensitive  RPE-based  pun  mouse  model.  We  observed  a  significant  increase  in  total 
and  single-cell  eyespots  and  a  less  robust  increase  in  eyespots  consisting  of  more  than  one  cell  later 
in  development  (distal  regions  of  RPE)  following  MMS  exposure.  The  latter  results  contrast  our  initial 


22 


finding  with  the  pur  fur-spot  assay,  which  is  reliant  on  clonal  expansion  of  pun  reversion  events  to 
produce  observable  fur  spots,  indicating  that  we  were  able  to  detect  multicell  events  in  this  tissue.  We 
interpret  this  result  to  mean  that  the  induction  of  multicell  events  was  too  weak  for  the  dose  used  to 
observe  an  increase  above  the  background  frequency  of  spontaneous  events  in  the  RPE. 
Alternatively,  if  we  had  performed  our  exposures  at  an  earlier  time  in  fetal  development  (for  example 
at  El  0.5  similar  to  previous  studies  with  other  agents  [9]),  then  perhaps  we  could  have  observed  a 
clearer  induction  as  the  background  spontaneous  frequency  of  multicell  events  is  considerably  less  in 
the  proximal  region  of  the  RPE.  This  may  explain  the  general  lack  of  significant  induction  of  multicell 
events  for  all  our  exposures  in  this  study. 

Seminal  work  showing  that  PARP1  is  involved  in  DNA  repair  [31]  and  activated  by  ionizing 
radiation  and  alkylation  damage  paved  the  way  for  PARP  inhibitors  to  be  used  in  a  “synthetic  lethality” 
approach  with  chemotherapeutic  agents  [32],  Much  work  has  been  done  in  the  form  of  mouse  models 
of  PARP  and  in  in  vitro  work  that  reveals  its  role  as  an  early  responder  to  DNA  damage  and  facilitator 
of  HR  [33,  34],  PARP  inhibition  by  3AB  is  a  potent  inducer  of  SCEs  in  CHO  cells  [35,  36],  A 
hyperrecombination  phenotype  was  also  observed  in  work  done  by  Claybon  et  al.  using  Parpl 
nullizygous  mice  [18].  In  the  present  study,  we  also  show  that  pharmacological  inhibition  of  PARP1 
activity  can  induce  HR  in  the  in  vivo  pun  eyespot  assay.  We  saw  a  significant  increase  in  total  and 
single-cell  eyespots,  and  although  not  significant,  a  spike  in  multicell  events  closely  following  3AB 
exposure.  In  the  Parpl  nullizygous  study,  the  greatest  increase  was  in  multicell  events,  which  is  to  be 
expected  considering  that  PARP1  preferentially  binds  to  single-strand  breaks,  which  is  a  critical  step 
in  base-excision  repair.  In  the  absence  or  inhibition  of  PARP1,  a  situation  occurs  where  single-strand 
breaks  are  not  repaired  correctly,  resulting  in  a  collapsed  replication  fork  due  to  recombinogenic- 
associated  double-strand  break  lesions  in  replicating  cells  [37,  38],  The  weaker  response  in  multicell 
events  observed  in  the  present  study  might  reflect  either  the  transient  nature  of  the  inhibitor  exposure 
or  the  aforementioned  issue  with  high  background  in  spontaneous  multicell  events  for  our  selected 
time  of  exposure. 

Several  studies  involving  radiation  influence  have  reported  an  increased  occurrence  of  cancer 
following  in  utero  exposure  [39,  40],  Bleomycin  is  generally  considered  to  be  radiomimetic  and  a 
potent  source  of  oxidative  stress  [41].  Bleomycin  and  the  other  enediyne  antibiotics  achieve  site- 
specific  free  radical  attacks  on  sugar  moieties  in  both  strands  of  DNA  that  can  result  in  double-strand 
breaks  [41].  These  breaks  have  been  shown  to  induce  HR  following  bleomycin  exposure,  as 
measured  by  SCEs  in  CHO  cells  [42],  A  similar  phenomenon  of  robust  induction  of  HR  reversion 
events  in  more  central  regions  of  the  RPE,  and  specifically  in  single-cell  eyespots  as  seen  in  this 
study,  was  also  reported  in  a  paper  by  Bishop  et  al.  using  the  pun  eyespot  assay  with  X-ray  damage 
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[9],  Further,  the  single-cell  reversion  events  appear  to  have  occurred  quickly  and  for  a  limited 
duration,  following  bleomycin  exposure,  similar  to  the  inductions  observed  with  ionizing  radiation 
reported  previously  [43], 

Etoposide  belongs  to  one  of  2  classes  of  agents  involved  in  enzyme-mediated  anticancer 
properties  through  the  stabilization  of  TOP2-DNA  complexes  and  halting  processes,  such  as 
transcription  or  replication.  Although  effective  in  clinical  therapy,  etoposide  often  results  in  secondary 
malignancies;  indeed,  it  is  thought  that  chemotherapy  drugs  targeting  the  TOP2|3  isoform  may  be  the 
source.  Etoposide  has  been  shown  to  induce  recombination  in  several  studies.  For  instance, 
etoposide  induces  SCEs  in  both  CHO  cells  [44]  and  cultured  human  lymphocytes  [45],  Furthermore, 
this  potent  TOP2  inhibitor  has  been  shown  to  induce  somatic  intrachromosomal  recombination  in  a 
whole  mouse  transgenic  (pKZI)  mutagenesis  model  in  which  a  lacZ  transgene  is  only  expressed  after 
a  DNA  inversion  [46,  47],  In  our  study  we  were  able  to  directly  demonstrate  that  etoposide  is  capable 
of  strongly  inducing  HR,  specifically  resulting  in  an  increase  of  single-cell  eyespots. 

Camptothecin  binds  the  TOPI -DNA  complex  selectively  and  efficiently,  making  it  a  potent 
chemotherapeutic.  This  agent  has  been  shown  to  be  involved  in  recombination  in  many  tissue  culture 
studies  involving  the  induction  of  SCEs  in  CHO  and  human  lymphoid  cell  lines  [45,  48,  49,  50,  51, 

52],  Enhanced  frequency  of  reversion  was  seen  in  an  Hprt- gene-based  reversion-mutation  assay  in  a 
CHO  V79  plasmid  system  measuring  intrachromosomal  recombination  following  camptothecin 
exposure  [53],  Surprisingly,  we  did  not  have  a  robust  induction  of  HR  in  our  pun  eyespot  assay, 
although  our  preliminary  fur-spot  results  indicated  an  induction  recapitulating  an  earlier  report  with  the 
pun  fur-spot  assay  using  this  agent  [19].  Again,  we  observed  a  clear  difference  between  our  RPE  and 
the  fur-spot  assay,  suggesting  tissue-specific  differences.  A  developmental  requirement  for  functional 
TOPI  has  also  been  evidenced  by  the  death  of  Topi  knockout  mice  early  in  embryogenesis  [54], 
Nucleotide  pool  disequilibrium  is  now  a  strong  possibility  in  explaining  many  phenomena,  such  as 
replication  stress  associated  with  aberrant  activation  of  the  RB-E2F  pathway  in  early  stages  of  cancer 
[55]  and  slowed  replication  speed  in  Bloom  syndrome  [56],  HU  inhibits  ribonucleotide  reductase,  an 
enzyme  crucial  in  the  conversion  of  ribonucleotides  into  deoxyribonucleotides  essential  for  DNA 
synthesis.  A  tight  balance  of  intracellular  deoxyribonucleoside  triphosphate  (dNTP)  pools  must  be 
kept  to  maintain  genomic  integrity  in  yeast  and  at  sites  of  damage  in  mammalian  cells.  In  fact,  many 
studies  have  shown  that  alterations  in  dNTP  pools  are  coupled  with  genomic  instability,  mutagenesis, 
and  tumorigenesis  [57],  Insufficient  nucleotides  will  cause  DNA  replication  stress  and  perhaps 
replication  fork  collapse,  situations  known  to  induce  HR.  In  this  respect  HU  treatment  has  been 
shown  to  be  a  positive  inducer  of  SCEs  in  CHO  cells  [58,  59],  However,  we  did  not  observe  an 
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induction  of  HR  in  the  eyespot  assay  following  HU  exposure,  but  did  observe  a  significant  decrease, 
similar  to  camptothecin. 

Both  camptothecin  and  HU  exposure  produced  a  surprising  result  in  that,  for  the  doses 
chosen,  there  was  an  apparent  induction  of  fur-spots  but  a  very  significant  decrease  in  eyespots.  It  is 
possible  that,  at  the  time  during  development  that  we  performed  our  exposures,  El  2. 5 — melanocyte 
precursors  (dormant  migrating  melanoblasts)  that  pigment  the  fur — are  more  robust  or  refractory  to 
DNA  damage,  while  the  rapidly  dividing  RPE  cells  are  either  more  sensitive  or  utilize  an  alternative 
pathway  to  repair  the  DNA  lesions  produced  by  camptothecin  and  HU.  Cultured  human  RPE  cells 
appear  to  be  very  sensitive  to  camptothecin  [60],  and  camptothecin  cytotoxicity  has  been  shown  to  be 
dependent  on  DNA  synthesis,  as  the  DNA  polymerase  inhibitor  aphidicolin  completely  blocks 
camptothecin  cytotoxicity  [61].  Although  a  tissue  specific  cytotoxicity  in  the  developing  RPE  is  a 
plausible  explanation,  it  does  not  explain  why  we  observed  a  decrease  in  HR  events  in  the  RPE 
below  that  of  spontaneous  levels.  We  have  only  ever  observed  a  decreased  frequency  of  eyespots 
when  there  was  a  genetic  deficiency  impairing  the  homologous  recombination  process,  such  as 
BRCA1  or  BRCA2  deficiency  ([23]  and  unpublished  data).  An  alternative  explanation  is  that  the 
camptothecin-induced  damage  in  the  pun  gene  is  repaired  differently  in  RPE  cells  compared  to 
melanoblasts.  It  is  interesting  to  not  that  the  Oca2  gene  within  the  RPE  is  expressed  at  this  time  of 
development  but  not  in  melanoblasts  [62],  Camptothecin  will  interrupt  both  RNA  and  DNA  polymerase 
progression;  thus;  it  is  possible  that  any  damage  within  the  pun  gene  could  be  repaired  by  another 
mechanism,  possibly  a  transcription-coupled  repair  mechanism,  obviating  the  need  for  HR  repair. 
Similarly,  the  lack  of  recombination  following  HU  exposure  might  be  due  to  a  higher  order  response 
that  results  in  a  replication  restart  (thus  avoiding  frequent  double-strand  breaks  caused  by  fork 
collapse)  rather  than  recombination-mediated  gene  conversions  that  would  be  visualized  by  the  pun 
assay  (see  model  in  [23]).  For  instance,  DNA  fiber  analysis  revealed  a  defect  in  replication-fork 
recovery  following  HU-mediated  imbalance  of  dNTP  pools  and  a  subsequent  replication  block  in 
BLM-deficient  cells  [63],  This  suggests  that  BLM  may  be  involved  in  recovering  a  stalled  fork  before  a 
collapse  can  occur  (presumably  induced  by  HU).  If  a  low  level  of  exposure  to  HU  stimulates  BLM 
activity,  then  converse  to  the  hyperrecombination  phenotype  in  the  pun  eyespot  assay  we  reported  in 
the  absence  of  BLM  [23],  activated  BLM  would  be  expected  to  reduce  the  frequency  of  pun  reversion 
events  and  may  provide  a  reasonable  explanation  for  the  decreased  frequency  of  eyespots  we 
observed.  It  is  interesting  that  both  camptothecin  and  HU  are  known  to  result  in  BLM  phosphorylation 
and  presumably  its  activation  [64], 

According  to  the  American  Cancer  Society,  in  2013  about  580,350  Americans  are  expected  to 
die  of  cancer.  Cancer  is  the  second  most  common  cause  of  death  in  the  United  States,  and  cancer  in 
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children  has  an  annual  incidence  of  about  150  new  cases  per  1  million  U.S.  children.  All  cancers 
involve  the  malfunction  of  genes  and  the  other  contributions  may  be  additive  over  a  lifetime  of  internal 
and  external  risk  factors.  Given  the  number  of  cell  divisions  during  in  utero  development,  it  is  likely 
that  there  is  a  higher  sensitivity  during  this  time  to  carcinogen  exposure  [66,  67,  68,  69],  In  addition, 
this  might  be  due  to  less  efficient  DNA  repair  or  defective  apoptotic  mechanisms  that  facilitate  DNA 
damage  into  subsequent  cell  divisions  [70],  Further,  in  mice,  about  one  third  of  mutations  arise  before 
birth  [71].  Animal  and  human  epidemiologic  studies  show  a  causal  relationship  for  in  utero  exposures 
(/'e,  diagnostic  radiographs  [72])  and  cancer  incidence  in  children  [73,  74,  75],  Given  this,  in  utero 
exposure  during  critical  times  in  development  to  DNA-damaging  agents  or  other  sources  of  damage 
may  cause  a  clonal  expansion  of  somatic  mutations.  The  present  study  showed  that  a  relatively  low 
single  exposure  to  a  wide  variety  of  differently  acting  agents  resulted  in  an  increase  of  genomic 
rearrangement  (a  DNA  deletion)  at  one  site  in  the  genome.  Notably,  this  one  genomic  site  can  be 
considered  to  be  representative  of  up  to  12%  of  the  genome  with  similar  structures.  This  would  seem 
to  suggest  that  a  significant  amount  of  somatic  genomic  rearrangements  might  be  occurring  as  a 
consequence  of  environmental  fetal  exposures,  which  likely  has  a  significant  impact  on  the  genetic 
diversity  present  in  somatic  tissues.  This  may  explain  some  of  the  higher  incidences  of  cancer 
associated  with  prenatal  exposures. 
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Specific  Aim  2  and  3:  Determine  whether  p53  mutants  R172P  and  R172H  suppress 
spontaneous  levels  of  homologous  recombination  the  same  as  wild-type  p53. 

In  1992,  p53  was  coined  as  the  “guardian  of  the  genome”  due  to  its  ability  to  mitigate  cellular 
stresses  and  uphold  genetic  integrity.  Yet,  21  years  later,  we  are  still  unsure  which  functionality  or 
functionalities  of  p53  are  truly  responsible  for  tumor  suppression.  Upon  sensing  stress,  p53  is  quickly 
stabilized  and  then  efficiently  triggers  cell  cycle  arrest,  senescence,  or  apoptosis  in  a  tissue-specific 
and  damage-dependent  manner.  Substantial  in  vitro  and  tissue  culture  work  has  led  to  the  creation  of 
sophisticated  p53  mouse  models  such  as  the  surprisingly  viable  p53  nullizygous  mouse.  Better 
mouse  models  have  since  been  created  that  compromise  one  or  more  aspects  of  p53  function  in 
order  to  dissect  out  the  mechanisms  of  p53  function  that  are  important  for  maintaining  genomic 
integrity.  Interestingly,  many  of  these  models  still  result  in  spontaneous  tumors,  despite  retaining  cell 
cycle  arrest  capability  and/or  the  ability  to  induce  apoptosis.  Therefore,  there  is  more  to  this  story.  p53 
must  be  acting  additionally  in  some  other  way  to  protect  the  genome,  which  is  eventually  lost  upon 
p53  mutation  or  inactivation  during  tumorigenesis.  The  role  of  p53  in  homologous  recombination  has 
been  widely  studied,  and  thus  we  reconsider  the  possibility  that  suppression  of  genomic  variation,  by 
homologous  recombination  in  particular,  is  another  layer  of  protection  provided  by  p53  during  tumor 
suppression.  Here  we  use  the  established  in  vivo  pun  assay  to  demonstrate  a  difference  in 
homologous  recombination  suppression  between  two  p53  mutant  mouse  models  that  differ  in  their 
ability  to  arrest  the  cell-cycle  or  elicit  apoptosis.  The  p53  R172P  mutant  retains  the  ability  to  arrest  the 
cell  cycle  but  is  incapable  of  eliciting  an  apoptotic  response;  nonetheless,  we  observed  a  retention  of 
HR  suppression  for  this  mutant  similar  to  wildtype.  The  more  aggressive  p53  R172H  mutant  is 
determined  to  be  globally  unfolded  and  incapable  of  transactivating  p53  target  genes  and  has  lost 
many  protein  interaction  capabilities.  This  mutant  has  lost  the  capability  to  suppress  homologous 
recombination  similar  to  a  p53  nullizygous  state,  which  we  propose  leads  to  aberrant  rearrangement 
in  the  genome.  Given  that  the  pun  assay  is  based  on  the  deletion  of  one  copy  of  a  70  kb  duplication,  a 
copy  number  variation,  and  should  be  representative  of  other  such  genomic  structures,  we  examined 
the  status  of  copy  number  variations  by  performing  array  comparative  genomic  hybridization.  We 
examined  mouse  embryonic  fibroblasts  derived  from  the  p53  mutants  as  well  as  genotype-matched 
tumors  and  observed  that  p53  is  capable  of  suppressing  newly  acquired  somatic  changes  in  these 
structures  during  normal  and  tumor  development.  These  results  support  previous  findings  that  Li 
Fraumeni  patients,  inheriting  a  defective  copy  in  p53,  show  increased  copy  number  variation 
compared  with  the  normal  population.  Further,  it  provides  an  interesting  potential  mechanistic  basis 
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for  the  genetic  anticipation  phenotype  observed  with  Li  Fraumeni  families  and  highlights  the  impact 
that  certain  p53  mutations  are  likely  to  directly  impact  genomic  integrity  of  tumors. 
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Introduction 


TRP53  (herein  p53)  is  a  potent  tumor  suppressor  that  shields  the  genome  from  daily 
endogenous  and  exogenous  damage.  In  response  to  damage,  p53  accumulates  and  acts  as  a 
sequence-specific  transcription  factor  to  alter  the  expression  of  a  variety  of  genes  or  through  protein 
interactions  leading  to  cell  cycle  arrest,  senescence  or  apoptosis  [253,389-393],  The  ability  to  govern 
the  G1/S  cell  cycle  phase  checkpoint  and  clear  damaged  cells  through  programmatic  apoptosis  are 
functions  of  p53  thought  to  preserve  organismal  fitness  by  preventing  the  conversion  of  DNA  damage 
into  cancer-permitting  mutations  and  chromosomal  rearrangements. 

Given  the  key  role  that  p53  plays  in  preventing  cancer  occurrence,  it  is  not  surprising  that  p53  is 
mutated  in  50%  of  all  human  cancers  [119].  Furthermore,  people  who  inherit  an  autosomal  dominant 
mutation  of  p53  suffer  from  Li  Fraumeni  Syndrome  (LFS)  and  are  predisposed  to  early-onset  cancers 
[394],  Mouse  models  were  created  to  better  understand  the  functions  of  p53  that  are  pivotal  for  its 
tumor-suppressor  capability.  Initial  models  were  simple  gene  knockouts  [262,395,396],  and  it  was 
somewhat  surprising  to  find  that  these  mice  were  viable.  However,  a  majority  of  the  p53  nullizygous 
mice  developed  lymphomas  and  sarcomas  within  2  to  9  months  after  birth  [262,395,396],  Notably, 
mouse  embryonic  fibroblasts  (MEFs)  from  these  mice  displayed  aneuploidy,  allelic  loss,  and  gene 
amplification.  In  this  respect,  much  of  the  early  work  on  p53  focused  on  genome  instability  and  gene 
mutations  (point  mutations  in  particular),  as  such  changes  are  known  to  facilitate  carcinogenesis; 
however,  much  of  the  evidence  for  p53  suppression  of  mutagenesis  has  been  weak  [397-399], 
Recently,  an  extensive  study  of  LFS  families  performed  by  the  Malkin  group  [171]  reported  an 
increased  frequency  of  altered  copy  number  variants  (CNVs)  in  p53  mutation  carriers  compared  to 
the  normal  population,  which  would  have  been  missed  with  standard  mutation-analysis  studies.  The 
mechanism(s)  and  consequences  of  such  changes  in  LFS  is  not  currently  understood. 

To  better  recapitulate  both  LFS  and  the  p53  mutations  found  in  general  cancers,  mouse  models 
with  specific  p53  mutations  in  the  DNA-binding  domain  have  been  generated.  In  particular,  a  known 
hotspot  locus  for  p53  mutation,  which  has  been  observed  with  LFS,  is  the  arginine  in  position  175  of 
human  p53,  or  172  in  mouse  (p53R175,  or  p53R172,  respectively)  [400]  in  which  a  common 
missense  mutation  codes  for  a  histidine  (p53  R175H).  A  rare  mutation  at  this  same  locus  found  in  a 
sporadic  breast  cancer  tumors  substitutes  a  proline  for  the  arginine  (p53  R175P)  and  displays  only  a 
partially  impaired  p53  functionality,  discussed  below.  Mouse  models  were  created  for  the  p53  R172P 
and  p53  R172H  mutations  and  showed  a  differential  tumor  phenotype  that  was  reflective  of  the 
degree  of  loss  in  p53  function  [194,198,401],  These  mutations  are  of  particular  interest  because  the 
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p53  R172P  is  a  recessive  mutation  that  can  induce  partial  cell  cycle  arrest  in  response  to  DNA 
damage  but  is  unable  to  cause  apoptosis.  Mice  homozygous  for  this  mutation  escape  the  early  onset 
of  lymphomas  but  eventually  succumb  to  lymphomas  and  sarcomas  around  7-13  months  of  age 
[401],  Further,  these  tumors  do  not  have  the  chromosomal  aneuploidy  that  is  often  observed  in  p53 
nullizygous  tumors  [401],  In  contrast,  the  p53  R172H  mutation  is  autosomal  dominant  with  no 
apparent  ability  to  transactivate  p53  target  genes  (neither  cell  cycle  genes  nor  apoptotic  genes)  [193], 
Furthermore,  it  has  been  argued  that  p53  R172H  mice  have  gain-of-function  phenotypes,  suggesting 
that  the  p53  R172H  mutation  is  more  detrimental  than  the  p53  R172P  mutation  in  that  the  former 
mice  have  an  earlier  onset  of  tumors  and  a  higher  incidence  of  metastasis  [1 98],  The  fact  that  the 
R172  p53  mutations  result  in  some  level  of  separation  of  function  and  a  difference  in  cancer  onset 
provides  an  exciting  opportunity  to  further  dissect  the  mechanisms  involved  in  p53  tumor 
suppression. 

Despite  the  lack  of  evidence  for  p53  directly  suppressing  gene  mutation,  p53  has  been  linked  to 
various  DNA  repair  pathways,  namely  nucleotide  excision  repair,  base  excision  repair,  and  double¬ 
strand  break  (DSB)  repair,  including  homologous  recombination  (HR)  (for  reviews  see  [402-405]).  HR 
is  a  DNA  repair  mechanism  recently  associated  with  proliferating  cells  capable  of  repairing  a  variety 
of  lesions  that  utilizes  sequence  homology  for  repair;  either  through  a  deletion-mediated  event 
(single-strand  annealing,  SSA)  ora  high  fidelity  strand  exchange  process  (canonical  HR)  [312,406], 
However,  presumably  because  of  the  high  level  of  repetitive  DNA  present  in  mammalian  genomes, 
either  hyperrecombination  or  hyporecombination  can  be  detrimental.  This  is  exemplified  by  the 
genomic  instability  resulting  from  the  hyperrecombination  phenotype  observed  in  cancer  predisposed 
Bloom  patients  [407]  or  hyporecombination  upon  loss  of  BRCA1  and  BRCA2  [408]  leading  to  a 
“BRCAness”  phenotype  that  predisposes  to  breast  and  ovarian  cancer.  Numerous  studies  have 
examined  the  effect  of  p53  on  HR.  For  example,  it  has  been  reported  that  p53  down  regulates 
spontaneous  HR  in  a  chromosomally  integrated  plasmid  substrate  [282],  The  authors  overexpressed 
p53175<Ar9>Hls\  causing  a  5-  to  20-fold  increase  in  spontaneous  recombination  compared  to  wildtype 
(WT)  control  cells;  these  recombination  events  appeared  to  be  resultant  from  both  gene  conversions 
and  deletion  events.  Using  a  similar  substrate  that  only  measures  gene  conversion  events  and  a 
temperature  sensitive  p53  mutant  (Alanine  135  to  Valine)  that  misfolds  at  37°C,  Willers  et  al.  also 
showed  that  p53  suppresses  recombination  [285],  The  Wiesmuller  laboratory  has  also  extensively 
explored  the  role  of  p53  in  HR  using  a  rare  cutting  endonuclease  (ISce-l)  in  breast  cancer  cells  and 
human  lymphoid/leukemia  cells  with  varying  p53  mutations.  Their  studies  used  a  DSB  repair  assay  to 
show  that  some  p53  mutants  retain  partial  ability  to  repair  DSBs  by  repressing  aberrant  HR  [270,293], 
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Another  approach  to  examining  HR  in  vivo  is  the  use  of  the  pink-eyed  unstable  {pun)  mouse 
model.  The  pun  mutation  consists  of  a  70  kb-duplicated  region  of  DNA — effectively  a  segmental 
duplication  or  a  CNV — that  disrupts  the  function  of  the  p  gene  ( Oca2 )  [323],  The  p  gene  encodes  for 
an  integral  membrane  protein  that  is  important  for  pH  regulation  in  melanosomes  to  ensure  efficient 
melanin  synthesis.  The  pun  mutation  causes  a  dilution  of  this  color  in  pigmented  cells  of  the  mouse, 
namely  melanocytes  that  confer  coat  color  to  fur  and  in  the  retinal  pigment  epithelium  (RPE)  of  the 
eye.  A  functional  P  gene  is  rendered  when  the  70  kb  duplication  is  reverted  (via  deletion  of  one  copy 
of  the  duplicate),  thus  allowing  for  proper  melanin  packing  in  cells.  These  reversion  events  are  scored 
as  black  spots  on  the  dilute  fur  of  a  mouse  or  pigmented  cells  in  the  RPE  of  the  mouse  eye  [324], 
Because  RPE  proliferation  occurs  mainly  during  embryonic  development,  we  were  able  to  determine 
the  impact  on  somatic  HR  using  this  simple  pigment-based  assay  system  [242],  This  system  was 
previously  used  to  demonstrate  that  p53  suppresses  HR  during  normal  somatic  development  in  the 
RPE  using  p53  knockout  mice  [247], 

In  this  study,  we  used  the  in  vivo  pun  assay  to  explore  whether  the  R172  separation  of  function 
p53  mutants  differentially  affected  genome  stability.  We  observed  that  the  R172H  mutation  was 
incapable  of  suppressing  recombination  either  early  or  late  in  development,  whereas  the  R172P 
mutation  was  incapable  of  suppressing  late  developmental  events.  The  early  events  were  associated 
with  clonal  expansion  and  are  reminiscent  of  replication-tied  recombination  events  observed  in  the 
absence  of  BLM  or  PARP1  [248,250],  The  late  events  appeared  to  occur  without  extensive  clonal 
expansion,  similar  to  the  types  of  events  observed  in  the  absence  of  BRCA1  or  BRCA2  ([248]  and 
unpublished  data)  that  suggests  they  may  be  the  result  of  SSA  events.  To  extend  these  studies  we 
also  used  array  comparative  genomic  hybridization  (aCGH)  to  compare  MEFs  and  tumors  from 
respective  p53  mutant  genotypes  for  changes  in  CNVs.  Similar  to  the  study  by  the  Malkin  laboratory 
[171],  we  observed  increased  acquired  changes  in  CNV  frequency  in  primary  MEFs  derived  from  the 
more  aggressively  cancer-prone  R172H  mice  compared  with  R172P  mice.  This  study  supports  the 
idea  that  p53  has  a  significant  role  in  suppressing  HR  and  maintaining  genomic  stability  through 
normal  somatic  development  in  addition  to  cell  cycle  arrest,  senescence,  and  apoptosis  in  its  tumor¬ 
suppressing  role. 

Mouse  strains  and  breeding  cohorts 

Mice  heterozygous  for  the  point  mutations  p53R172P  and  p53R172H,  both  on  a  C57BL/6  genetic 
background,  were  kindly  provided  by  Dr.  G.  Lozano  (M.D.  Anderson).  In  addition,  2  crosses  were 
made  to  C57BL/6J  pun/un  mice  obtained  from  the  Jackson  Laboratory  (Bar  Harbor,  ME)  to  establish 
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the  homozygous  pun/un  genotype.  Mice  heterozygous  for  a  targeted  nullizygous  allele  of  p53  were 
previously  crossed  into  a  C57BL/6J  pun/un  genetic  background  as  described  in  Aubrecht  et  al.  [264], 

All  mice  were  homozygous  pun/un-t  otherwise,  3  independent  colonies  were  maintained  by 
intercrossing  mice  heterozygous  for  each  allele;  p53R172P/+,  p53R172H/+,  or  p53neo/+.  Each  intercross 
produced  homozygous  mutant  mice  (used  for  the  experimental  group)  or  littermate  wildtype  mice 
(used  for  the  control  group).  All  animal  studies  were  carried  out  in  accordance  with  UTHSCSA  and 
IACUC  policies  as  outlined  in  protocols  05054-34-01 -A  and  07005-34-02-A.B1  ,C. 

The  p53R172P,  p53R172H,  and  p53neo  genotypes  were  determined  by  PCR,  as  previously  described 
[198]  and  [264],  respectively.  The  pun/un  genotype  was  identified  by  the  phenotypic  dilute  (grey)  coat 
color. 

Eye  dissection  and  pun  reversion  (homologous  recombination)  assay 

Mice  were  sacrificed  at  weaning  age  and  their  eyes  harvested  and  dissected  to  expose  the  RPE, 
as  previously  described  [252],  Briefly,  each  RPE  whole  mount  was  digitally  photographed  and 
analyzed  for  eyespots  using  a  Zeiss  Lumar  version  12  stereomicroscope,  Zeiss  AxioVision  MRm 
camera,  and  Zeiss  AxioVision  4.6  software  (Thornwood,  NY),  as  described  in  Claybon  et  al.  [250], 

The  criteria  for  what  constitutes  an  eyespot,  was  previously  defined  as  one  or  more  reverted  cell 
(indicated  by  black  pigmentation  in  an  otherwise  transparent  cell  layer)  separated  by  no  more  than 
one  unpigmented  cell  [252],  To  determine  the  time  in  development  when  the  eyespots  were 
produced,  we  followed  the  criteria  set-forth  by  Bishop  et  al.  by  measuring  (a)  the  frequency  of 
eyespots  (reversion  events)  per  RPE  and  (b)  distribution  of  the  eyespots  within  the  RPE  (eyespot 
position)  [245], 

Primary  mouse  embryonic  fibroblast  culture,  tumor  harvest  and  DNA  extraction 

Primary  MEFs  were  obtained  by  intercrossing  heterozygous  mice  in  each  respective  cohort  to 
produce  p53  mutant  homozygous  mice  (p53R?72P/R?72Ppun/un,  p53Rn2H/Ri72H  pun/un)  a!ong  wjth  se!ect 

littermate  controls  ( p53R172H/+  pun/un,  p53+/+  pun/un).  Pregnancies  were  timed  by  confirmation  of  a 
vaginal  copulation  plug  and  assigned  as  embryo  day  E0.5.  Embryos  were  harvested  on  day  E14.5 
and  mechanically  and  chemically  (0.05%  Trypsin-EDTA)  homogenized  for  20  minutes.  Cells  were 
cultured  in  Dulbecco’s  Modified  Eagle’s  Medium  (DMEM)  supplemented  with  10,000  U/mL  penicillin, 
10,000  pg/mL  streptomycin,  and  25  pg/mL  Amphotericin  B  (Cellgro,  VA).  Cells  were  grown  at  37°C  in 
the  presence  of  5%  CO2  in  a  humidified  incubator  and  allowed  to  propagate  for  2  passages  to  obtain 
enough  genetic  material  for  experiments. 
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Tumors  arising  in  each  respective  p53  mutant  cohort  were  immediately  harvested  and 
processed  for  DNA  extraction.  From  our  p53  R172H  colony  we  harvested  2  mice  (testicular  sarcoma 
and  fibrohistiocytic  tumors)  and  obtained  two  p53  R172H  heterozygous  mice  tumor  samples 
(fibrosarcoma,  sarcoma  NOS  (not  otherwise  specified))  from  Dr.  G.  Lozano  (MD  Anderson)  as  well  as 
4  tumor  samples  from  p53R172P/R172P  mice  (hemangiosarcoma,  sarcoma  NOS,  neurofibrosarcoma  and 
a  liver  histiocytic  sarcoma). 

DNA  was  extracted  from  MEFs,  tissues  and  tumors  using  the  Qiagen  DNeasy  blood  and  tissue 
kit  following  the  manufacturer’s  instructions.  DNA  was  quantified  using  a  NanoDrop 
spectrophotometer,  and  quality  was  assessed  by  agarose  gel  electrophoresis. 

RNA  Microarray  analysis 

Gene  expression  microarray  analysis  was  performed  using  Agilent  Whole  Mouse  Genome 
4x44k  microarrays  with  E14.5  MEFs  from  p53  R172H  homozygous  (HH)  and  heterozygous  (HWT), 
p53  R172P  homozygous  (PP),  and  wildtype  (WT)  mice.  Quality  plots  were  obtained  for  all  the 
microarrays  using  the  “arrayQuality”  package  from  Bioconductor.  The  Loess  method  was  used  to 
normalize  the  intensities  within  each  array  [410],  The  data  were  then  grouped  according  to  the 
different  comparisons  (HWT  vs.  WT,  PP  vs.  WT,  HH  vs.  WT,  HH  vs.  HWT,  and  HH  vs.  PP)  and 
quantile  normalization  was  performed  to  adjust  for  bias  between  microarrays. 
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53BP1  co-immunoprecipitation  experiment 


Plasmids:  pCMH6K53BP1-FL  are  HIS  and  HA  tagged  (from  Kuniyoshi  Iwabuchi  [41 1]).  pTHFN- 
p53WT,  pTHFN-p53R175P  and  pTHFN-p53R175H  are  HIS  and  FLAG  tagged. 

Cell  culture:  HCT 1 1 6  (p53'/_)  cells  were  maintained  at  5%  CO2  in  DMEM  supplemented  with  1 0%  fetal 
calf  serum  and  penicillin.  HCT1 16  (p53'/_)  cells  were  transfected  using  the  TransIT-LTI  transfection 
reagent  (Mirus)  according  to  the  manufacturer’s  recommendations.  Cells  were  lysed  48  hours  after 
transfection  with  cell  lysis  buffer  (50mM  Tris-HCI,  150mM  NaCI,  ImM  EDTAand  1%  Triton  X-100). 

Co-immunoprecipitation:  pCMH6K53BP1-FL  was  overexpressed  with  either  pTHFN-p53WT,  pTHFN- 
p53R175P,  pTHFN-p53R175H  or  pTHFN  (empty  vector).  Prior  to  performing  the  immunoprecipitation 
an  aliquot  of  the  cell  lysate  was  removed  to  serve  as  the  loading  control.  Rabbit  a-FLAG  or  rabbit  a- 
MYC  was  then  added  to  the  lysate.  Rabbit  a-FLAG  was  used  to  immunoprecipitate  p53  and  rabbit  a- 
MYC  served  as  the  negative  control.  Additionally,  protein  G  agarose  beads  previously  blocked  with 
10%  BSA  were  added  to  the  lysate.  The  lysates  were  incubated  at  4°C  for  16  hours.  Protein 
complexes  were  isolated  by  centrifugation  and  the  pellets  were  washed  four  times  with  cell  lysis 
buffer.  The  final  wash  was  then  removed  and  the  pellet  was  resuspended  in  2X  SDS-PAGE  loading 
buffer.  The  samples  were  denatured  by  heating  at  95°C  for  5  minutes,  resolved  by  SDS-PAGE  and 
transferred  to  nitrocellulose  for  Western  blotting.  Rabbit  a-53BP1FL  (Bethyl,  TX)  and  mouse  a-p53 
(Cell  Signaling,  MA)  were  used  to  detect  complex  formation  and  immunoprecipitation  efficiency, 
respectively. 

Statistics 

Statistical  analysis  for  the  pun  assay  was  performed  using  GraphPad  Prism  6.0  (La  Jolla,  CA) 
software.  We  first  performed  a  normality  test  (D’Agostino  &  Pearson  omnibus  normality  test  and 
Shapiro-Wilk  normality  test)  and  determined  that  our  data  did  not  follow  a  normal  Gaussian 
distribution.  We  therefore  chose  nonparametric  tests  that  compare  distributions  of  2  unpaired  groups. 
A  Mann-Whitney  test  was  used  to  analyze  the  frequency  of  pun  reversion  events  per  RPE  between 
wildtype  and  mice  differing  in  p53  genotype.  We  used  a  Kolmogorov-Smirnov  test  to  analyze 
distribution  differences  in  the  position  of  the  pun  eyespots  on  the  RPE  between  wildtype  and  all  p53 
genotypes. 

Statistical  analysis  for  filtered  CNV  regions  was  performed  using  GraphPad  Prism  6.0  (La  Jolla, 
CA)  using  a  nonparametric  Mann-Whitney  test  to  compare  experimental  samples  with  wildtype.  All 
statistical  analyses  for  microarray  experiments  were  done  using  the  Bioconductor  project 
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implemented  in  R  statistical  software.  For  each  of  the  5  comparisons;  a  moderated  t  test  from  the 
limma  package  was  used  to  identify  differentially  expressed  genes.  The  P  values  obtained  from  the  t 
test  were  controlled  for  false  discovery  rate  (0.05)  using  the  Benjamini  and  Hochberg  method. 

Results 

p53  nullizygosity  results  in  an  altered  homologous  recombination  frequency  compared  with 
wildtype  and  p53  heterozygosity 

As  a  potent  tumor  suppressor,  p53  plays  an  important  role  in  protecting  the  integrity  of  the 
genome  from  various  sources  of  damage,  either  endogenous  or  exogenous.  HR  is  able  to  repair  a 
variety  of  DNA  lesions  with  high  fidelity  during  DNA  replication  when  the  appropriate  homologous 
sequences  are  available.  However,  either  too  much  or  too  little  HR  can  have  deleterious  effects  on 
genome  integrity.  In  a  previous  study  the  RPE-based  pun  reversion  assay  was  used  to  show  that 
absence  of  p53  resulted  in  a  hyperrecombination  phenotype  compared  to  wildtype  mice  during 
normal  somatic  development  [247],  In  this  study,  breeding  cohorts  were  established  and  maintained 
by  intercrossing  p53neo/+  pun/un  mice,  resulting  in  p53  wildtype,  p53  heterozygous,  and  p53  nullizygous 
animals.  We  sought  to  recapitulate  the  p53  HR  phenotype  previously  reported  and  also  ask  whether 
p53  heterozygosity  impacted  HR  frequency,  which  would  suggest  a  haploinsufficiency  phenotype. 
Upon  examining  the  frequency  of  eyespots  (pun  reversions)  per  RPE  using  the  in  vivo  pun  assay  we 
saw  no  difference  between  wildtype  mice  and  mice  heterozygous  for  p53,  leading  us  to  believe  that 
one  copy  of  p53  is  sufficient  to  suppress  aberrant  HR  and  maintain  genomic  stability  (Tables  3.1  and 
3.2(a)  and  Figure  3.1(a)).  In  contrast,  p53  nullizygous  mice  showed  a  two-fold  increase  in  eyespots 
compared  with  wildtype  and  heterozygous  mice  (P  <  .0001]  Mann-Whitney  test),  similar  to  what  was 
reported  before  [247],  The  loss  of  p53  is  detrimental  in  the  suppression  of  aberrant  HR  events,  as 
evidenced  by  our  model. 
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TABLE  3.1  SUMMARY  OF  pun  REVERSION  EVENTS  AND  RPE  EXAMINED  IN  VARIOUS  p53 
GENOTYPES 


TOTAL 

AVERAGE 

Genotype 

RPE 

Eyespots 

Cells 

Eyespots  per  RPE 

Cells  per  RPE 

Cells  per  Eyespot 

Wildtype 

34 

137 

304 

4.0  +  2.1 

8.9  +  6.4 

2.0  +  1.2 

p53  heterozygous 

29 

123 

235 

4.2  +  2.7 

8.2  +  7.5 

2.0  +  2.9 

p53  nullizygous 

22 

193 

507 

8.8  +  4.3 

23.0  +  19.5 

2.6  +  3.3 

p53  R172P  homozygous 

30 

131 

347 

4.4  +  2.4 

11.6  +  14.8 

2.6  +  5.0 

p53  R172H  heterozygous 

8 

68 

149 

8.5  +  2.9 

18.6  +  10.2 

2.2  +  2.6 

p53  R172H  homozygous 

37 

319 

737 

8.6  +  4.3 

20.0  +  13.8 

2.3  +  2.5 
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Loss  of  function  mutations  in  p53  result  in  differing  homologous  recombination  phenotypes 


The  p53R172P  point  mutation  is  a  recessive  mutation  resulting  in  p53  protein  with  a  partially 
misfolded  DNA-binding  domain  that  is  postulated  to  be  deficient  in  eliciting  an  apoptotic  response  but 
is  able  to  partially  arrest  the  cell  cycle  [401],  The  more  aggressive  p53R172H  point  mutation  is  a 
dominant  allele  that  results  in  a  p53  protein  product  with  a  substantially  misfolded  DNA-binding 
domain.  As  such,  this  mutant  p53  protein  is  unable  to  bind  and  transcribe  many  of  the  putative  p53 
target  genes  [198],  [194],  In  addition,  many  of  the  normal  protein  interactions  of  p53,  particularly 
those  mediated  through  this  domain,  are  disrupted  [194,198],  Given  this  separation  in  function 
between  the  mutant  alleles,  we  sought  to  determine  whether  mutant  p53  is  capable  of  suppressing 
HR  in  our  RPE-based  pun  assay.  Upon  examining  RPE  harvested  from  the  p53R172P/R172P  (herein  p53 
R1 72P)  mice,  we  did  not  observe  a  significant  increase  in  the  number  of  total  eyespots  compared  to 
wildtype  or  p53  heterozygous  mice  (Tables  3.1  and  3.2(a)  and  Figure  3.1(a)).  We  examined  a  limited 
number  of  p53  R172P  heterozygous  RPE  and  saw  no  difference  from  wildtype  RPE.  Given  this 
observation  and  the  known  recessive  phenotype  of  the  R172P  allele,  we  did  not  include  this  genotype 
in  this  study.  However,  similar  to  wildtype  mice,  there  was  a  significant  difference  in  the  number  of 
reversion  events  for  p53  R172P  homozygous  mutant  mice  compared  with  p53  nullizygous  mice  (P 

<  . 001 ;  Mann-Whitney  test).  In  contrast  to  the  p53  R172P  homozygous  mice,  the  total  eyespot 
frequency  of  pun  reversion  events  in  the  p53R772H/R772H  pun/un  (p53  R172H  homozygous)  mouse  was 
significantly  higher  than  in  the  wildtype  control  genotypes  and  the  p53  R172P  mutant  mouse  (P 

<  .0001]  Mann-Whitney  test;  Tables  3.1  and  3.2(a)  and  Figure  3.1(a)).  Interestingly,  the  pun  reversion 
frequencies  of  the  p53  R172H  heterozygous  and  homozygous  mice  were  not  significantly  different 
from  p53  nullizygous  animals  (~9  eyespots  per  RPE).  These  results  suggest  that  the  loss  function  in 
p53  R172H  mutation  results  in  a  lack  of  suppression  of  HR  similar  to  that  in  a  mouse  that  produces 
no  p53  protein  whatsoever,  and  that  the  R172H  allele  acts  in  a  dominant  negative  fashion  with  regard 
to  this  p53  function.  In  contrast,  our  initial  analysis  suggests  that  p53  R172P  mutant  mice  retain  the 
ability  to  suppress  HR  similar  to  the  control  genotypes. 
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Figure  3.1  Tukey  Box  and  Whiskers  Plot  of  the  Frequency  of  pun  Reversion  Events.  Figures  are  denoted  for  (a)  Total 
(b)  Single-cell,  and  (c)  Multi-cell  eyespots  per  RPE  for  the  various  p53  experimental  genotypes.  The 
dashed  line  indicates  the  average  frequency  on  pun  reversion  in  control  WT  RPE  for  comparison. 
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TABLE  3.2  STATISTICAL  SIGNIFICANCE  FOR  (A)  TOTAL,  (B)  SINGLE-CELL,  AND  (C)  MULTI¬ 
CELL  EYESPOTS  PER  RPE  FOR  THE  VARIOUS  P53  EXPERIMENTAL  GENOTYPES 


(a)  Total 
Eyespots 

Wildtype 

p53 

heterozygous 

p53  R172P 
homozygous 

p53  R172H 
heterozygous 

p53  R172H 
homozygous 

p53 

nullizygous 

Wildtype 

p53 

heterozygous 

ns 

p53  R172P 
homozygous 

ns 

ns 

p53  R172H 
heterozygous 

P  <0.001 

P  <0.001 

P  <0.001 

p53  R172H 
homozygous 

P  < 0.0001 

P  < 0.0001 

P  <0.0001 

ns 

p53 

nullizygous 

P  < 0.0001 

P  <0.0001 

P  <0.001 

ns 

ns 

(b)  Single- 
Cell  Eyespots 

Wildtype 

Wildtype 

p53 

heterozygous 

p53  R172P 
homozygous 

p53  R172H 
heterozygous 

p53  R172H 
homozygous 

p53 

nullizygous 

p53 

heterozygous 

ns 

p53  R172P 
homozygous 

ns 

ns 

p53  R172H 
heterozygous 

p53  R172H 
homozygous 

P<0.01 

P  <0.0001 

P  <0.05 

P  <0.001 

ns 

P  <0.01 

ns 

p53 

nullizygous 

P  <0.001 

P<0.01 

P  <0.05 

ns 

ns 

(c)  Multi-cell 
Eyespots 

Wildtype 

p53 

heterozygous 

p53  R172P 
homozygous 

p53  R172H 
heterozygous 

p53  R172H 
homozygous 

p53 

nullizygous 

Wildtype 

p53 

heterozygous 

ns 

p53  R172P 
homozygous 

ns 

ns 

p53  R172H 
heterozygous 

P<0.01 

P<0.01 

P<0.01 

p53  R172H 
homozygous 

P  <0.0001 

P  <0.0001 

P  <0.0001 

ns 

p53 

nullizygous 

P<0.01 

P  <0.001 

P  <0.001 

ns 

ns 

Note.  A  nonparametric  Mann-Whitney  test  was  used  to  analyze  eyespot  frequency  data;  significance  is  denoted  for  all 
genotypes  compared  (ns  =  not  significant). 
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Frequency  of  single-cell  and  multi-cell  reversion  events  differ  depending  on  p53  status 

In  addition  to  generating  information  regarding  the  frequency  of  reversion  events,  the  pun  RPE- 
based  reversion  assay  can  be  further  categorized  into  those  eyespots  consisting  of  one  cell  (single¬ 
cell  eyespots)  and  those  with  more  than  one  cell  (multi-cell  eyespots).  From  work  with  BLM-,  PARP1-, 
BRCA1-,  and  BRCA2-deficient  mice,  the  single-cell  and  multi-cell  populations  appear  to  represent 
different  types  of  events:  RAD51 -dependent  replication-tied  HR  events  and  replication  independent 
SSA  events  ([248,250]  and  unpublished  data).  Multi-cell  (clonally  expanded)  eyespots  most  likely 
arose  from  replication-tied  events.  In  contrast,  the  single-cell  eyespots  could  result  from  a  reversion 
event  that  was  not  necessarily  tied  to  DNA  replication  or  could  have  occurred  in  a  cell  that  was  in  its 
terminal  cell  division. 

No  significant  difference  in  the  frequency  of  single-cell  events  between  wildtype,  p53 
heterozygous,  or  p53  R172P  homozygous  mice  was  observed  (Figure  3.1(b)  and  Table  3.2(b)).  Of 
note,  the  overall  frequency  of  p53  R172P  single-cell  events  appeared  to  be  slightly  higher  than 
wildtype,  although  not  significantly,  and  yet  the  frequency  of  these  events  is  not  significantly  different 
from  p53  R172H  heterozygous  mice.  In  comparison  to  p53  R172H  and  p53  nullizygous  animals,  the 
frequency  of  single  cell  events  in  p53  R172P  homozygous,  though  significantly  less  (P  <  .05;  Mann- 
Whitney),  is  not  as  significant  as  the  difference  of  these  genotypes  to  wildtype  or  p53  heterozygous 
mice  (P<  .0001  to  .01;  Mann-Whitney).  Clearly,  there  was  a  significant  increase  in  single-cell 
reversion  events  in  the  p53  nullizygous  (P  <  .01;  Mann-Whitney),  p53  R172H  mutant  heterozygous  (P 
<  .01;  Mann-Whitney)  and  homozygous  (P<  .0001;  Mann-Whitney)  mice  compared  to  wildtype  mice 
(Figure  3.1(b)  and  Table  3.2(b)).  Considering  the  slight,  albeit  not  significant  increase  in  single  cell 
spots  in  the  p53  R172P  homozygous  animals  we  decided  that  these  events  warranted  a  little  further 
investigation. 

Examination  of  the  multi-cell  eyespots  revealed  no  significant  difference  between  the  wildtype 
and  p53  R172P  genotypes  (Figure  3.1(c)  and  Table  3.2(c)).  In  contrast,  the  p53  R172H  heterozygous 
and  homozygous  mice  were  similar  to  the  p53  nullizygous  mice  in  that  they  showed  an  increased 
frequency  of  multi-cell  reversion  events  compared  to  wildtype  and  p53  heterozygous  mice  (P  <  .0001 
and  P  <  .01,  respectively;  Mann-Whitney  test;  Figure  3.1(c)  and  Table  3.2(c)).  p53  nullizygous  mice 
also  showed  significantly  more  multi-cell  eyespots  than  did  the  p53  R172P  mutant  mice  (P  <  .01] 
Mann-Whitney)  but  did  not  show  more  than  the  p53  R172H  heterozygous  or  homozygous  mutants 
(Figure  3.1(c)  and  Table  3.2(c)).  Interestingly,  unlike  the  frequency  of  single  cell  events,  the  p53 
R172P  homozygous  mice  had  as  strong  of  a  significant  difference  from  p53  nullizygous  and  p53 
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R172H  as  the  wildtype  and  p53  heterozygous  mice.  Because  p53  R172H  heterozygosity  seemed  to 
behave  similar  to  the  homozygous  state  (and  given  its  known  dominant  negative  phenotype),  we 
combined  these  groups  for  all  subsequent  analyses  (hereinafter  p53  R172H).  Similarly,  the  wildtype 
and  p53  heterozygous  mice  behaved  the  same  and  were  also  combined  for  subsequent  analysis 
where  noted  (hereinafter  combined  control). 

The  fact  that  we  see  an  increased  frequency  of  single-  and  multi-cell  reversion  events  in  the  p53 
R172H  mutant  suggests  that  both  SSA  and  RAD51  -dependent  replication-tied  events  may  be 
occurring;  additionally,  a  subset  of  those  replication-tied  events  might  be  suppressed,  with  the 
retention  of  some  wildtype  function  in  the  p53  R172P  mutant  mice. 

Position  frequency  of  pun  eyespots  reveals  reversion  events  later  in  development  for  p53 
mutants 

Another  aspect  of  the  pun  assay  that  can  provide  insight  into  the  type  of  events  that  are  occurring 
is  to  determine  the  position  of  each  reversion  event  on  the  RPE  (eyespot  position)  as  that  information 
can  be  correlated  with  a  time  during  embryonic  development  when  the  event  occurred.  The  RPE 
develops  according  to  an  edge-biased  pattern  of  proliferating  cells  that  orient  outward  radially  [242],  It 
was  demonstrated  by  Bishop  et  al.  that  the  location  of  revertant  events  (in  this  case  induced  at  a 
specific  time  by  the  DNA-damaging  agent  benzo(a)pyrene)  in  the  adult  RPE)  correlated  strongly  with 
a  specific  time  in  embryonic  development  (from  8.5  dpc  to  17.5  dpc  [252]).  Therefore,  eyespots  that 
are  positioned  near  the  centrally  located  optic  nerve  occur  early  in  development,  whereas  those 
located  toward  the  edge  of  the  RPE  (distal  to  the  optic  nerve  head)  most  likely  occur  later  in  embryo 
development. 

To  determine  if  there  was  a  positional  effect  between  mice  with  differing  p53  protein  status,  we 
used  a  nonparametric  Kolmogorov-Smirnov  test  to  evaluate  the  distribution  of  the  frequency  of 
eyespots  in  various  position  intervals  (hereinafter  position  distribution;  Figure  3.2).  The  combined 
control  distribution  (shown  as  dark  bars  in  all  position  figures)  of  total  eyespots  showed  that  most  of 
the  reversion  events  are  in  the  latter  third  of  the  RPE,  where  60%  of  eyespots  are  in  the  region  from 
0.6  to  1 .0  (Figures  3.2(a),  3.2(b),  and  3.2(c)),  similar  to  what  was  previously  reported  [252],  Eyespot 
position  distribution  of  total  combined  control  eyespots  differed  significantly  from  p53  R172P  mice  (P 
<  8.8e-13;  Kolmogorov-Smirnov  test),  which  showed  reversion  events  more  distally  located  on  the 
RPE  (Figure  3.2(a)).  The  position  distributions  of  p53  nullizygous  (P  <  0.05;  Kolmogorov-Smirnov 
test)  and  p53  R172H  (P  <  1.8e-12\  Kolmogorov-Smirnov  test)  were  also  significantly  different  from  the 
combined  control  in  that  there  was  a  similar  edge  effect  (Figure  3.2(a)).  In  addition,  p53  nullizygous 
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and  p53  R172H  mice  showed  reversion  events  in  the  more  proximal  region  of  0.0  to  0.6  when 
compared  to  the  combined  control.  This  same  pattern  of  earlier  events  in  p53  nullizygous  mice  has 
been  previously  reported  by  Bishop  et  at.  [247], 

We  extended  this  analysis  by  evaluating  the  pattern  of  position  distribution  for  single-  and  multi¬ 
cell  events  independently.  Examination  of  RPE  for  single-cell  eyespots  revealed  a  pattern  similar  to 
that  of  total  eyespots  (Figure  3.2(b)).  All  experimental  genotypes — p53  R172P,  p53  R172H,  and  p53 
nullizygous — were  significantly  different  from  the  combined  control  (P  <  2.0e-08,  P  <  4.2e-10,  P  < 
2.1e-14,  P  <  0.02,  respectively;  Kolmogorov-Smirnov  test).  These  results  indicated  a  preference  for 
single-cell  events  later  in  development  compared  with  earlier  events,  which  was  also  seen  in  p53 
nullizygous  and  p53  R172H  mice.  Analysis  of  the  eyespots  consisting  of  more  than  one  reverted  cell 
(multi-cell  eyespot)  also  showed  a  significant  difference  in  patterning  in  the  distal  region  of  the  RPE 
between  the  combined  control  and  p53  R172P  mice  (P  <  4.2e-05;  Kolmogorov-Smirnov  test)  and  p53 
R172H  mice  (P  <  2.8e-04;  Kolmogorov-Smirnov  test)  (Figure  3.2(c)).  No  significant  difference  in 
position  distribution  was  found  between  the  combined  control  and  p53  nullizygous  mice  for  multi-cell 
reversion  events  (greater  than  1  pigmented  cell);  however,  a  clear  pattern  of  increased  early  events 
was  observed,  suggesting  more  clonal  expansion  in  proliferating  cells  in  the  absence  of  p53.  An 
increase  in  these  events  in  the  same  region  was  demonstrated  with  statistical  significance  in  the 
earlier  report  with  p53  nullizygous  mice  [247],  Again,  the  patterning  of  early  and  late  multi-cell 
eyespots  was  similar  to  what  was  seen  with  total  and  single-cell  eyespots  in  these  mice. 
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Frequency  of  Eyespots  per  RPE 


(a)  Total  Eyespots 


(b)  Single-Cell  Eyespots 


(c)  Multi-Cell  Eyespots 


P<  8.8e-13 


\ l  H  II  IL 


■  Wildtype  ■  p53  R172P 
P<  2.0e-08 


@  I 
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Figure  3.2  Position  Distribution  Analysis  of  pun  Reversion  Events  per  RPE.  Denoted  for  (a)  Total,  (b)  Single¬ 

cell,  and  (c)  Multi-cell  eyespots.  Position  intervals  are  indicated  on  the  x-axis,  where  0.0  corresponds  to 
the  region  near  the  optic  nerve  and  1 .0  represents  the  edge  of  the  RPE.  A  Kolmogorov-Smirnov  test 
was  used  to  analyze  distribution  differences  in  position  intervals  of  the  RPE  for  experimental  genotypes 
compared  to  the  combined  control  (denoted  as  wildtype  in  the  figure). 
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Assessment  of  p53  dependent  gene  expression  in  HR  suppression 


It  has  been  well  established  that  p53  responds  to  cellular  stress  signals  primarily  through  its 
transcriptional  regulation  of  a  number  of  target  genes  involved  in  processes  such  as  cell  cycle  arrest 
( e.g p21,  GADD45a,  CDC25c,  14-3-3o )  and  apoptosis  (eg,  PUMA,  NOXA,  BAX)  [412-414],  Given 
the  differential  suppression  of  HR  observed  in  the  p53  mutants  in  the  pun  assay,  we  examined 
whether  there  was  a  change  in  expression  of  HR-related  genes  that  might  provide  a  mechanism  for 
this  difference  in  suppressing  HR  between  the  2  mutants.  We  performed  an  RNA  gene-expression 
analysis  using  Agilent  Whole  Mouse  Genome  4x44K  microarrays  on  wildtype,  p53  R172H 
heterozygous  and  homozygous,  as  well  as  p53  R172P  homozygous  E14.5  MEFs.  We  saw  no 
obvious  gene  induction  or  repression  of  HR-related  proteins  (eg,  Rpa,  Rad51,  Brcal,  Brca2,  Blm, 
Wrn,  etc:,  Figures  3.3  and  3.4  and  Table  3.3).  We  observed  a  significant  increase  in  the  number  of 
genes  expressed  in  p53  R172H  heterozygous  and  homozygous  MEFs  compared  with  p53  R172P 
homozygous  MEFs;  however,  no  DNA  repair-related  genes  were  observed  (Figure  3.4  and  Table 
3.3).  This  is  in  contrast  to  a  study  observing  transcriptional  repression  of  Rad51  by  p53  [278],  This 
discrepancy  can  possibly  be  explained  by  the  limited  number  of  samples  and  the  sensitivity  of  the 
microarray  used  in  this  study.  However,  many  tissue  culture  studies  have  reported  the  uncoupling  of 
p53’s  transcription  capability  and  G1/S  arrest  function  and  its  role  in  recombination  repair 
[212,269,285,289], 


Implications  of  dysfunctional  protein  interaction  in  the  mechanism  of  p 53  suppression  of  HR 

p53  has  been  shown  to  interact  with  HR  proteins  such  as  RPA  [289]  and  RAD51  [415],  in  the 
transactivation  domain  and  overlapping  regions  of  the  DNA  binding  domain  (amino  acids  94-160  and 
264-315),  respectively.  Disruption  of  such  interactions  has  been  shown  to  affect  gene  conversions,  a 
RAD51  dependent  type  of  HR.  To  this  regard,  we  sought  to  determine  if  the  misfolded  DBD, 
conferred  by  p53  mutation,  could  cause  a  disruption  in  interactions  with  HR  proteins  involved  in  SSA 
type  events.  Recently,  the  association  between  53BP1  and  HR  has  been  a  hot  topic  given  the  rescue 
of  embryonic  lethality  of  BRCA1  A1 1  mutation  by  concomitant  loss  of  53BP1  [314],  It  was  reported  by 
Bunting  et  al.  that  53BP1  inhibits  HR  by  blocking  DNA  end  resection  in  BRCA1 -deficient  cells  [313], 
We  have  also  observed  an  increased  HR  frequency  in  the  in  vivo  RPE-based  pun  assay  in  53BP1- 
deficient  mice  (unpublished  data).  53BP1  interacts  through  its  BRCT  repeats,  similar  to  BRCA1,  to 
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the  DNA-binding  domain  of  p53  [416],  the  same  region  that  is  disrupted  by  R172  mutations.  Of  note, 
the  embryonic  lethality  of  BRCA1  A1 1  homozygous  mutation  can  also  be  rescued  by  p53  deficiency 
(either  heterozygosity  or  nullizygosity  [417,418]).  Based  on  those  studies,  the  known  interaction 
between  53BP1  and  p53  and  the  known  role  of  53BP1  in  modulating  HR,  we  set  out  to  determine  if 
the  p53  R1 72P  mutants  retained  or  lost  the  ability  to  bind  to  53BP1 .  The  p53  R1 72H,  with  its 
complete  loss  of  protein  folding  in  the  DNA  binding  domain  has  already  been  shown  not  to  bind  to 
53BP1  [419],  To  test  this  interaction,  we  performed  a  co-immunoprecipitation  experiment  with  full- 
length-53BP1  (Figure  3.5).  The  p53  mutants  showed  equivalent  weak  binding  to  53BP1  compared  to 
wildtype  p53.  This  provides  a  reasonable  explanation  as  to  the  mechanism  by  which  neither  p53 
mutant  is  able  to  suppress  53BP1  mediated  SSA  events.  However,  this  does  not  explain  the 
difference  in  overall  HR  frequency,  multi-cell  events  in  particular,  seen  with  the  two  p53  mutants  that 
we  observed  in  this  study.  The  most  likely  explanation  is  that  p53  is  using  some  alternative 
mechanism  to  suppress  RAD51  dependent  HR  events  that  remains  to  be  determined. 


45 


Figure  3.3 
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Venn  Diagram  of  Shared  and  Unique  Genes  from  Microarray  Analysis  with  p53  Mutant  Mouse 
Embryonic  Fibroblasts.  p53  mutants  are  denoted  as  follows:  p53  R172H  heterozygous  (HWT),  p53 
R172P  homozygous  (PP)  and  p53  R172H  homozygous  (HH)  compared  with  wildtype  (WT). 
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Figure  3.4 
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Venn  Diagram  Showing  Shared  and  Unique  Genes  between  p53  Mutants.  Microarray  analysis 
performed  with  MEFs  from  p53  R172FI  heterozygous  (FIWT),  p53  R172P  homozygous  (PP),  and  p53 
R172H  homozygous  (HH)  mice. 
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Figure  3.5  Co-immunoprecipitation  Experiment  of  p53  Mutant  and  Wildtype  Protein  with  53BP1.  53BP1  was 

co-expressed  with  either  FLAGp53WT,  FLAGp53R175P  or  FLAGp53R175H.  In  lanes  3,4  and  5  FLAGp53 
containing  complexes  were  then  isolated  from  the  lysates  by  immunoprecipitation  with  rabbit  a-DDDYK 
(FLAG)  antibody.  Lanes  1  and  2  served  as  negative  controls  to  assess  nonspecific  binding.  Lane  1  did 
not  contain  p53  and  lane  2  was  immunoprecipitated  with  rabbit  a-MYC  that  was  not  expected  to  bind 
p53  or  53BP1 .  Protein  complexes  were  resolved  by  SDS-PAGE  prior  to  western  blotting  with  rabbit  a- 
53BP1  and  mouse  a-p53. 
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Specific  Aim  3:  Determine  the  global  impact  of  p 53  by  measuring  copy  number  variation  in 
p53  mutant  mouse  models. 

Array  comparative  genomic  hybridization  (aCGH)  and  analysis 

An  aCGH  experiment  was  performed  using  the  Agilent  mouse  genome  CGH  105K  microarray. 
Genomic  DNA  from  MEFs  (6  different  embryonic  cell  lines  each  for  p53R172P/R172P  and  p53R772H/R772H 
and  5  for  wildtype)  and  tumor  samples  were  enzymatically  labeled  with  Cy5  using  the  Agilent 
Genomic  DNA  Enzymatic  labeling  kit  as  per  manufacturers  protocol.  For  comparison,  JAX®  sex- 
matched  reference  DNA  was  labeled  with  Cy3.  Experimental  and  reference  DNA  was  hybridized  onto 
microarrays  according  to  the  manufacturer’s  protocol.  Log2  ratios  were  normalized  to  minimize 
differences  in  labeling  affinity  between  the  2  fluorophores.  For  individual  arrays  the  Nexus  FASST2 
segmentation  algorithm  (threshold  0.3  and  -0.3;  minimum  3  contiguous  probes)  was  applied.  Given 
the  modest  resolution  of  the  array  used  and  therefore  the  possibility  that  Nexus  segmentation  may 
have  overlooked  smaller  CNVs,  we  looked  for  differences  in  copy  number  variation  (CNV)  by 
overlaying  the  normalized  log2  data  with  CNV  coordinates  from  a  recent  comprehensive  study  using 
a  2.1  million  probe  aCGH  study.  The  authors  compared  and  validating  CNV  regions  from  7  inbred 
mouse  strains  and  compared  this  to  a  C57BL6/J  reference  genome  [409],  They  utilized  CNV  genomic 
regions  from  build  NCBI37/mm9,  likewise  the  UCSC  Genome  Browser  Database  lift  annotation  tool 
was  used  to  convert  genome  coordinates  to  build  NCBI36/mm8  used  in  our  aCGH  study 
(http://genome.ucsc.edu/).  The  results  were  filtered  using  Microsoft  Excel  (Mac  201 1 )  for  a  minimum 
probe  density  of  3  and  a  stringency  associated  with  one  half-copy  change  (log2  threshold  0.32  and 
-0.4)  in  CNV  compared  to  the  reference  genome.  An  additional  post-processing  step  was  performed 
to  remove  or  group  overlapping  CNV  regions  using  Excel  (Mac  2011). 

Evaluation  of  genomic  instability  in  p53  mutants 

The  basis  of  the  pun  assay  is  the  deletion  of  one  copy  of  a  70  kb  repeated  segment  of  DNA, 
which  essentially  equates  to  the  deletion  of  one  copy  of  a  segmental  duplication.  This  is  only  one 
locus  of  the  genome,  and  there  are  many  other  segmental  duplications  and  copy  number  variants  in 
the  genome  [321];  consequently,  the  pun  reversion  assay  can  be  considered  representative  of  these 
other  sites  in  the  genome,  and  the  increased  frequency  of  pun  reversion  should  reflect  an  increase  in 
the  frequency  of  changes  that  might  be  occurring  at  the  CNVs  in  a  population  of  cells.  Given  the 
increased  frequency  of  HR  observed  in  the  p53  R172H  mutant  in  our  pun  assay,  we  might  expect  an 
increased  frequency  of  CNVs  in  somatic  cells  from  these  mice  and  perhaps  in  the  tumors  that  arise 
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as  well.  In  contrast,  we  might  expect  a  more  reduced  increase  in  CNVs  in  the  p53  R172P  cells  given 
that  our  pun  data  indicates  that  this  protein  retains  the  ability  to  suppress  multi-cell  HR  events,  if  not 
single  cell  events,  and  that  the  tumor  latency  in  p53  R172P  mutant  mice  is  much  greater.  Indeed,  a 
study  by  the  Malkin  laboratory  showed  an  increased  frequency  of  CNVs  in  Li-Fraumeni  patients,  who 
harbor  germline  mutation  in  p53  [171].  They  observed  a  median  of  2  CNVs  in  a  large  cohort  of 
healthy  (“normal”)  individuals,  compared  with  a  mean  frequency  of  over  12  CNVs  in  p53  mutation 
carriers.  To  assess  whether  our  p53  mutants  impact  CNVs,  we  performed  aCGH  experiments 
comparing  MEFs  of  differing  genotypes.  We  hypothesized  that  any  embryos  harvested  on  E14.5 
results  in  a  fibroblast  tissue  culture  that  were  derived  from  somatic  mesenchymal  cells  that  display  a 
reasonable  level  of  clonality.  Yet,  given  the  highly  proliferative  nature  during  this  early  time  in 
development,  these  cells  would  have  already  undergone  sufficient  somatic  divisions  to  allow  the 
acquisition  of  de  novo  changes,  if  they  exist  (analogous  to  the  pun  assay  system).  Any  polyclonal 
divergence  within  the  culture  would  be  underrepresented  and  undetectable  by  aCGH,  thereby 
minimizing  the  detection  of  genomic  variation  from  the  tissue  culture  process  itself. 

DNA  was  harvested  from  cells  of  differing  genotypes  in  their  second  passage  and  used  for 
aCGH  comparison  to  reference  DNA  purchased  from  Jackson  Laboratories.  Normalized  log2  values 
from  the  aCGH  array  were  imported  into  Nexus  software  version  6.1  (BioDiscovery,  California,  USA) 
and  segmented  using  the  FASST2  segmentation  algorithm  with  a  minimum  of  3  contiguous  probes 
per  segment.  To  examine  changes  in  known  CNVs  we  mapped  our  aCGH  data  to  validated  CNV 
coordinates  obtained  from  a  recent  study  comparing  various  inbred  mouse  strains  to  a  C57BL6/J 
reference  genome  [409],  Indeed,  we  observed  a  significantly  greater  number  of  CNVs  in  the  MEFs 
derived  from  the  p53  R172H  mutant  mice  ( Mean  =  5.25;  P  <  .01]  Mann-Whitney)  and  the  p53  R172P 
homozygous  ( Mean=5.8 ;  P  <  .02]  Mann-Whitney)  compared  with  their  respective  wildtype  controls 
(Mean  =  1 .4;  Figure  3.6(a)).  This  finding  paralleled  the  increase  in  CNVs  in  p53  mutation  carriers 
(peripheral  blood  leukocytes)  observed  in  the  Malkin  study,  though  they  reported  an  even  greater 
increase  in  CNVs.  The  subtle  mean  differences  between  our  studies  might  be  due  to  differences  in 
species,  the  cell  origin  of  the  samples,  or  that  the  MEFs  isolated  for  our  study  had  less  opportunity  to 
acquire  CNV  changes  in  comparison  to  the  adult  samples  used  in  the  Malkin  study. 

Given  that  we  are  able  to  observe  an  increased  frequency  of  CNV  changes  in  MEFs  derived 
from  the  p53  mutants,  we  wanted  to  ask,  at  least  in  a  limited  fashion,  whether  this  frequency  was 
further  increased  in  tumors.  We  compared  the  DNA  of  tumors  to  MEFs  of  equivalent  genotype,  and 
observed  a  nonsignificant  increase  in  CNVs  in  p53  R172H  tumors  ( n  =  4,  Mean  =  19.25,  ns\  Mann- 
Whitney)  as  well  as  in  p53  R172P  tumors  (n  =  4,  Mean  =  12.25,  ns\  Mann-Whitney)  (Figure  3.6(b)). 
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Overall,  it  would  appear  that  in  this  limited  study  neither  p53  mutant  can  suppress  CNV  changes, 
though  considering  that  tumors  arise  much  earlier  in  the  p53  R172H  mutant  animals  than  in  the  p53 
R1 72P  mutants,  we  had  expected  that  the  rate  of  genomic  change  would  be  much  greater  for  the  p53 
R1 72H  genetic  background  if  they  were  facilitating  tumor  development. 
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Figure  3.6 
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Average  Number  of  Copy  Number  Variations  in  Mouse  Embryonic  Fibroblasts  and  Tumors  from 
p53  Mutant  Mice.  Figure  denotes  (a)  Mean  of  CNVs  in  MEFs  from  differing  p53  genotypes.  Error  bars 
represent  standard  error  of  the  mean.  A  nonparametric  Mann-Whitney  test  was  used  to  analyze  aCGFI 
data  for  WT  (n  =  5),  p53  R172H  (n  =  12,  P  <  .01),  and  p53  R172P  homozygous  (n  =  5,  P  <  .02)  MEFs 
compared  with  established  CNVs  in  the  mouse  genome  (UCSC  Genome  Browser  Database 
NCBI36/mm8).  (b)  Variation  was  also  compared  between  p53  mutant  MEFs  and  their  respective 
genotype-matched  tumors  (p53  R172FI  n  =  4  and  p53  R172P  n  =  4). 
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p53  R172P  suppresses  somatic  variation  until  tumorigenesis 

Given  that  we  observed  a  difference  in  HR  suppression  between  the  two  p53  mutants  in  the  pun 
assay,  but  the  frequency  of  CNVs  in  the  MEFs  and  tumors  of  the  two  p53  mutants  seemed  to  be 
basically  equivalent,  we  asked  if  there  was  another  explanation  for  the  results  we  obtained  with  the 
CNVs.  One  possibility  is  that  our  mutant  mouse  colonies  might  be  acquiring  somatic  CNV  changes 
that  impact  the  germline  and  are  then  subsequently  inherited.  This  would  then  affect  the  frequency  of 
newly  acquired  somatic  CNVs  and  tumor  specific  CNVs.  To  test  this  possibility  we  assigned  each 
observed  CNV  region  a  number  and  compared  them  between  MEFs  of  different  genotypes;  denoted 
as  follows:  wildtype  (black  squares  in  Figure  3.7),  p53  R172P  homozygous  (orange  squares  in  Figure 
3.7)  p53  R172H  heterozygous  (blue  squares  in  Figure  3.7)  and  homozygous  MEFs  (green  squares  in 
Figure  3.7;  see  the  inherited  CNV  regions  1  to  24  in  Figure  3.7).  Several  features  of  these  data 
become  quite  obvious  and  are  described  as  follows  (Figure  3.7  panel  (a)).  Many  of  the  CNVs  are 
shared  between  independent  MEFs,  suggesting  that  they  are  stably  inherited  rather  than  newly 
acquired.  For  example  regions  2,  6,  and  9  appear  to  be  common  across  multiple  samples  and  cohorts 
and  these  alleles  are  likely  segregating  within  our  colonies.  Regions  3  and  4  appear  to  be  mainly 
prevalent  in  the  p53  R172H  colony,  while  region  22  is  mainly  in  the  R172P  colony,  these  regions 
were  most  likely  inherited  in  relatively  early  cohort  specific  generations  as  they  are  present  in  the 
respective  wildtype  mice.  Four  regions  occur  more  often  in  samples  of  the  R172H  colony  but  occur  in 
at  least  one  sample  in  the  R172P  colony  (region  1,  10,  14  and  17),  these  can  be  considered  to  be 
somatically  acquired  changes.  There  are  apparently  more  exclusive  de  novo  CNV  changes  present  in 
the  p53  R1 72H  colony  than  the  p53  R1 72P  colony  (regions  5,7,8,  11,  12,  13,  15,  16,  18,  19  and  20, 
compared  to  regions  21,  23  and  24).  This  would  seem  to  be  an  underestimate  for  the  number  of 
changes  occurring  in  the  p53  R172H  colony  since  there  are  also  those  events  that  seem  to  have 
occurred  in  the  previous  generation.  Furthermore,  when  examining  the  type  of  CNV  change  in  terms 
of  gains  or  losses  (denoted  as  +  and  -,  respectively,  in  Figure  3.7  panel  (a)),  it  seems  that  R172H  has 
more  variation  among  samples  in  the  same  regions.  For  example,  regions  3,  4,  and  13  are  indicated 
as  losses  in  a  subset  of  samples  and  gains  in  another  subset  of  samples  (Figure  3.7  panel  (a)).  It  is 
interesting  to  note  that  there  appears  to  be  much  more  variation  in  the  p53  R172H  colony  and  that 
many  of  the  CNV  changes  have  impacted  the  germline  and  are  now  stably  inherited  in  the  colony 
(Figures  3.7  (panel  (a)  and  Figure  3.9). 

To  determine  the  impact  of  CNV  changes  in  our  p53  mutants  over  generations  would  require  a 
much  more  rigorous  and  in  depth  study  than  what  was  conducted  here.  That  said,  we  were  able  to 
examine  whether  inherited  CNV  regions  1  to  24  (Figure  3.7  panels  (b)  and  (c))  were  present  in  the 
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genotype-matched  tumors.  As  expected,  the  p53  R172H  and  R172P  mutant  tumors  had  on  average 
4.25  and  3.5  “inherited”  CNVs,  respectively.  Of  note,  3  inherited  CNV  regions  in  the  p53  R172H 
tumors  were  exacerbated  in  the  tumor,  showing  a  greater  loss  or  gain  of  DNA  compared  to  the 
respective  CNV  region  in  the  MEFs  (region  8-  73kb  gain  to  276kb  loss,  region  9-  103kb  to1476kb 
gain,  region  20-  469kb  loss  to  equivalent  size  gain)  (highlighted  yellow  boxes  in  Figure  3.7  panel  (b)). 
Of  the  four  p53  R172P  tumors  examined  two  in  particular  showed  greater  change  in  6  inherited  CNV 
regions  in  tumors  compared  with  their  genotype-matched  MEFs  likely  due  to  increased  tumor  specific 
genomic  instability  (discussed  below)  (region  3-  263kb  to  1 166kb  gain,  region  4-  294kb  loss  to 
equivalent  size  gain,  region  9-  699kb  to  2531  kb  gain,  region  1 0-  55kb  gain  to  equivalent  size  loss, 
region  21-  66kb  to  593kb  gain,  region  24-  1280kb  to  21 15kb  gain)  (highlighted  black  boxes  in  Figure 
3.7  panel  (c)).  We  extended  this  study  in  a  very  limited  fashion,  comparing  tumors  with  normal  tissue 
from  the  same  animal.  Here  we  expect  that  any  differences  in  CNVs  would  correspond  to  tumor- 
specific  changes,  since  the  comparison  was  made  with  tissues  from  the  same  animal  and  thus  any 
inherited  or  somatically  acquired  CNV  regions  would  be  considered  baseline  and  only  those  specific 
to  the  tumors  would  pass  the  stringent  thresholds  set  in  the  analysis.  To  validate  this  concept  we 
compared  two  normal  tissues  of  a  p53  R172H  heterozygous  mouse  and  observed  no  differences  in 
the  “inherited”  CNVs.  Interestingly,  when  we  compared  two  different  p53  R172H  tumors  with  their 
respective  normal  somatic  tissue  we  only  observed  one  CNV  change  within  the  “inherited”  regions, 
though  this  result  suggests  that  the  tumor  either  gained  or  lost  this  allele  indicating  its  instability.  In 
contrast,  for  the  single  p53  R172P  tumor  we  were  able  to  test,  we  observed  three  of  the  “inherited” 
CNVs  displaying  de  novo  changes;  not  only  displaying  a  difference  in  DNA  copy  number  compared  to 
the  somatic  tissue,  but  also  an  expanded  CNV  region  (highlighted  black  boxes  in  Figure  3.7  panel 
(d)). 

Given  the  difference  we  see  in  the  inherited  CNV  regions  1-24,  we  hypothesized  that  all  other 
remaining  CNV  regions  in  these  tumors  would  have  been  somatically  acquired  either  in  the  normal 
development  of  the  mouse  or  within  the  tumor.  To  test  this  possibility,  we  determined  which  CNV 
changes  were  present  in  tumors  but  were  not  found  in  MEFs  (Figure  3.8  regions  25  to  70  panels  (a) 
and  (b)).  Remarkably,  the  tumors  derived  from  the  p53  R172H  colony  showed  many  more  newly 
acquired  CNV  regions  (CNV=34  regions)  compared  to  the  tumors  derived  from  the  p53  R172P  colony 
(CNV=1 1  regions)  (Figure  3.9).  As  before,  the  limited  number  of  samples  comparing  CNV  regions 
between  normal  tissue  with  tumors  from  the  same  animal  were  used  to  examine  tumor  specific  CNVs 
(regions  25-1 14  Figure  3.8  panel  (c));  these  regions  would  reflect  tumor-specific  CNV  regions  that 
were  not  inherited  or  somatically  acquired  during  early  development  and  are  therefore  divergent 
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between  the  internal  control  tissue  and  the  tumor.  Surprisingly  the  p53  R172H  mutant  ( n  =  2)  tissue- 
tumor  comparisons,  we  only  observed  6  and  5  tumor-specific  CNVs.  In  contrast,  for  the  single  p53 
R1 72P  homozygous  tumor  we  were  able  to  examine  (n  =  1 )  we  observed  1 6  tumor-specific  CNVs 
(Figure  3.8  regions  25-1 14  panel  (c)  and  Figure  3.9). 

Although,  our  sample  sizes  were  limited,  our  interpretation  of  these  findings  is  that  the  p53 
R172H  protein  is  incapable  of  suppressing  CNV  changes  during  normal  somatic  development,  while 
the  p53  R172P  has  retained  some,  if  reduced,  capacity  to  suppress  these  changes.  However,  when  a 
p53  R172P  tumor  arises,  further  genomic  instability  ensues,  hence  the  increased  frequency  of  CNV 
changes  in  the  tumors.  Tumors  arising  in  the  p53  R172H  mice  have  already  acquired  substantial 
somatic  variation  and  do  not  display  a  great  increase  in  frequency  of  additional  changes. 
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INHERITED  CNV  REGIONS 
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Figure  3.7  Comparison  of  Inherited  Copy  Number  Variation  Regions  in  p53  Mutant  Mouse  Embryonic 

Fibroblasts.  Regions  1-24  are  represented  and  shaded  as  follows:  black  =  WT  genotype,  blue  =  p53 
R172H  heterozygous,  green  =  p53  R172H  homozygous,  and  orange  =  p53  R172P  homozygous.  A  loss 
in  CNV  is  denoted  by  a  minus  sign  and  a  gain  in  CNV  is  denoted  by  a  plus  sign.  Highlighted  boxes 
indicate  a  change  in  gain  or  loss  for  that  CNV  region  in  tumors  compared  to  MEFs  of  the  respective 
genotype. 
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Figure  3.8  Comparison  of  Tumor  Copy  Number  Variation  Regions  in  p53  Mutant  and  Tissue-Tumor 

Comparisons.  Regions  25-112  are  represented  and  shaded  as  follows:  black  =  WT  genotype,  blue  = 
p53  R172H  heterozygous,  green  =  p53  R172H  homozygous,  and  orange  =  p53  R172P  homozygous.  A 
loss  in  CNV  is  denoted  by  a  minus  sign  and  a  gain  in  CNV  is  denoted  by  a  plus  sign.  Highlighted  boxes 
indicate  a  change  in  gain  or  loss  for  that  CNV  region  in  tumor-tissue  comparisons  with  the  same  region 
in  independent  tumors  of  the  respective  genotype. 
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Figure  3.9 
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Venn  Diagram  Comparing  Inherited,  Acquired,  and  Tumor-specific  Copy  Number  Variation 
Regions  in  p53  Mutant  Mouse  Embryonic  Fibroblasts  and  Tissue-Tumor  Comparisons.  Shading 
is  represented  as  follows:  black  =  WT  genotype,  blue  =  p53  R172H  heterozygous,  green  =  p53  R172H 
homozygous,  and  orange  =  p53  R172P  homozygous. 
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Discussion  Specific  Aim  2  and  3 


The  in  vivo  pun  assay  provides  a  retrospective  analysis  of  HR  events  that  occur  during  a  highly 
proliferative  time  of  embryo  development,  in  the  RPE  in  particular.  The  pun  assay  is  able  to  detect 
both  RAD51 -dependent,  replication-tied  HR  events  (canonical  HR  events)  as  well  as  RAD52- 
dependent  SSA  events.  This  is  based  on  our  observation  that  the  pun  assay  detected  a 
hyperrecombination  phenotype  resulting  from  the  loss  of  the  RECQ  helicase,  Blm,  and  more  robustly 
in  Parpl  nullizygous  mice  producing  mainly  an  increase  in  multi-cell  events,  suggesting  that  they 
were  tied  to  replication  ([248,250],  respectively).  The  interpretation  of  the  results  fits  with  our  current 
understanding  of  how  BLM  acts  in  Holliday  junction  dissolution,  thus  blocking  recombination,  or 
PARP1  repairs  single  stand  breaks  prior  to  becoming  a  recombinogenic  substrate  during  replication. 

In  contrast,  Brcal  and  Brca2  mutants  show  a  decreased  frequency  of  HR,  losing  the  multi-cell  pun 
events  while  the  remaining  eyespots  are  mostly  single  cell  events  ([248]  and  unpublished  data, 
respectively).  These  studies  again  suggest  that  the  multi-cell  reversion  events  are  the  outcome  of  HR 
tied  to  replication,  and  most  of  the  single-cell  events  are  a  result  of  SSA  reversion  (RAD52  mediated 
deletion  event)  [248,250,268,293],  In  this  study,  we  observed  a  loss  of  HR  suppression  in  p53 
nullizygous  mice,  as  was  previously  reported  by  Bishop  et  al.  [247],  Further  we  did  not  observe  any 
overall  haploinsufficient  HR  phenotype  in  p53  heterozygous  mice.  Moreover,  retention  of  overall  HR- 
suppression  capability  was  observed  for  the  p53  R172P  mutant  that  was  completely  abolished  in  the 
p53  R172H  mutant  (similar  to  p53  nullizygous).  The  majority  of  increased  pun  reversion  events 
observed  in  the  p53  R172H  and  p53  nullizygous  mice  were  single-cell  eyespots,  which  suggests  that 
p53  is  involved  in  protecting  the  genome  from  SSA-mediated  recombination  events;  however,  we  also 
observed  a  smaller  increase  in  multi-cell  events,  apparently  arising  at  a  different  time  in  development 
(earlier)  in  these  same  animals,  similar  to  the  earlier  report  by  Bishop  et  al.  [247],  Though  the  R1 72P 
mutant  did  not  display  an  overall  increase  in  HR  events,  a  more  detailed  analysis  revealed  an 
interesting  observation.  It  appears  that  the  p53  R172P  protein  is  capable  of  completely  suppressing 
the  small  increase  in  multi-cell  events  that  we  observed  in  the  p53  R172H  mutant  and  nullizygous 
animals,  but  not  the  increased  single  cell  events  that  occurred  later  in  RPE  development.  This  is 
particularly  interesting  since  the  p53  binding  protein  53BP1,  which  is  known  to  act  in  SSA  and  inhibits 
BRCA1  mediated  HR  events,  binds  the  p53  core  domain.  We  observe  that  neither  p53  mutant  is 
capable  of  co-immunoprecipitating  53BP1  and  suggest  that  this  may  result  in  deregulated  53BP1- 
dependent  SSA  usage. 
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Many  sophisticated  mouse  models  based  on  early  tissue  culture  work  have  begun  to  elucidate 
the  functions  of  p53  that  are  important  in  suppressing  tumorigenesis.  p53  knockout  mice  revealed 
that  p53  was  dispensable  during  development,  but  its  absence  led  to  highly  penetrant  tumors,  mostly 
T-cell  lymphomas  and  sarcomas.  Cells  from  p53  nullizygous  mice  exemplified  such  anomalies  as 
aneuploidy,  UV-induced  sister  chromatid  exchange,  and  allelic  loss,  providing  evidence  fora  role  in 
protecting  genome  integrity  and  not  just  in  stress  response  [186-188],  Similar  to  what  was  previously 
reported  with  the  same  system,  here  we  observed  that  p53  nullizygous  mice  have  a  significant 
increase  in  HR  events  [247],  In  particular,  we  observed  a  significant  increase  in  single-cell  eyespots, 
suggesting  that  p53  suppresses  SSA  in  particular.  To  a  lesser  extent,  p53  suppressed  early  multi-cell 
events,  as  was  previously  reported  [247],  In  contrast,  p53  heterozygous  mice  display  no  defect  in  HR 
suppression  and  were  comparable  to  wildtype  mice.  The  increased  genomic  variation  that  arises  in 
the  absence  of  p53,  along  with  the  absence  of  apoptotic  function  to  clear  damaged  cells,  may 
contribute  to  tumor  initiation  and  thereby  lead  to  the  genomic  instability  seen  in  p53  nullizygous 
tumors. 

The  need  for  mouse  models  that  better  recapitulated  the  mutations  found  in  LFS  and  in 
spontaneous  tumors  led  to  the  creation  of  conditional,  knock-in,  and  more  humanized  mutant  mouse 
models.  One  example  is  the  creation  of  the  p53  R172H  mutant  mouse  model,  recapitulating  a 
dominant  negative  mutation  found  commonly  in  patients  suffering  from  LFS  and  has  been  observed 
in  spontaneous  breast  cancers  [193,194,420],  This  mutant  succumbs  to  an  early  onset  of  mostly 
thymic  lymphomas  and  some  sarcomas  around  6  months  of  age,  similar  to  p53  nullizygous  mice 
[193,194],  MEFs  with  the  p53  R172H  mutation  show  increased  replication  and  transformation 
potential  [193],  Another  p53  mutation  in  the  same  locus  (R172P),  although  extremely  rare  in  human 
cancer,  was  used  to  create  another  mouse  model.  This  mutant  is  defective  in  inducing  an  apoptotic 
response  but  is  still  able  to  partially  arrest  the  cell  cycle.  Despite  escaping  the  early  lymphomas  and 
sarcomas  common  in  the  p53  nullizygous  mutation,  these  mice  still  succumb  to  tumors,  albeit  with  a 
delayed  onset  and  a  general  retention  of  a  diploid  genome,  similar  to  that  found  in  p53  heterozygous 
mice  [401],  We  observed  that  the  p53  R172P  mutant  suppressed  HR,  similar  to  WT  and  p53 
heterozygous  mice.  In  contrast,  the  p53  R172H  mutant  was  incapable  of  suppressing  HR  and  closely 
resembled  the  phenotype  observed  with  p53  nullizygous  mice.  The  increased  frequency  of  HR  in  both 
genotypes  was  most  significant  in  single-cell  reversion  events,  suggesting  a  loss  of  suppression  of 
SSA  events  in  particular.  Considering  that  SSA  events  are,  by  definition,  an  error-prone  type  of  repair 
pathway,  it  can  be  expected  that  their  suppression  would  also  be  tumor-suppressive. 
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The  mechanism  for  how  p53  suppresses  HR  has  been  studied  by  many  groups,  both 
spontaneously,  following  induction  of  DSBs  [146,247,280,283,285]  and  at  sites  of  replication  forks 
[421],  WT  p53  has  been  reported  to  interact  with  a  number  of  proteins  associated  with  HR:  RAD51 
and  RAD54  [268,281,415],  RPA  [289],  BLM  [268],  WRN  [267],  BRCA1  [265],  BRCA2  [266],  and 
MSH2  [422],  Given  the  uncoupling  of  transcription  factor  control  of  HR  seen  in  this  study  and  reported 
by  others  [269,285,289],  we  performed  a  co-immunoprecipitation  experiment  with  a  candidate  protein 
likely  to  effect  SSA  repair;  the  p53  binding  protein  53BP1 . 53BP1  was  first  shown  to  bind  to  p53  in  a 
yeast  two-hybrid  study  [419],  Similar  to  BRCA1,  53BP1  contains  BRCT  repeats  (located  in  the 
carboxy  terminus)  that  bind  to  p53’s  DNA  binding  domain  in  the  same  domain  as  the  R172  locus.  In 
unpublished  data,  we  have  seen  an  increase  in  HR  with  53BP1  deficient  mice  using  the  in  vivo  pun 
assay.  Further,  the  R172  locus  would  most  likely  disrupt  this  interaction  given  the  location  of  the 
binding  site.  We  saw  a  marked  decrease  in  the  ability  of  both  mutants  to  bind  53BP1 ;  however,  this 
does  not  explain  the  differential  suppression  of  overall  HR  seen  with  these  mutants.  Although  a  likely 
candidate,  53BP1  may  not  be  the  mechanism  by  which  p53  suppresses  HR,  perhaps  an  exploration 
of  another  p53  interacting  HR  proteins,  in  the  context  of  these  two  mutants  may  better  elucidate  the 
mechanism. 

The  RPE-based  pun  assay  provides  an  in  vivo  model  to  study  spontaneous  HR  on  an  actively 
proliferating  front  of  cells  not  elicited  by  a  DSB.  The  resolution  of  eyespot  size  allowed  us  to  link  the 
HR  mechanism  to  replication.  Given  that  multiple  stressors  in  the  cell — including  replication  fork 
arrest — trigger  p53,  we  expected  to  see  very  few  multi-cell  events  in  wildtype  cells.  The  fact  that  we 
see  a  significant  increase  in  multi-cell  events  in  addition  to  SSA  events  in  the  absence  of  p53  and  p53 
R172H  mutation  suggests  suppression  of  recombination  in  proliferating  cells  mediated  by  some  other 
mechanism.  For  instance,  p53  has  been  implicated  in  the  replication  checkpoint  with  BLM,  whose 
activity  involves  facilitating  regression  of  a  stalled  replication  fork.  BLM  recruits  p53  [276]  and 
members  of  the  MRE1 1-RAD50-NBS1  complex  [275],  in  addition  to  binding  directly  to  RAD51 
[423,424],  p53  induction  following  the  replication  inhibitor  hydroxyurea  was  compromised  in  Blm 
nullizygous  and  Nbsl  nullizygous  cells;  however,  the  response  was  still  functional  in  Brcal  and  Brca2 
cells  [425],  It  is  interesting  that  the  p53  induction  was  weaker  (weak  induction  of  p21,  stability  of  p53 
protein  not  as  robust)  in  comparison  to  p53  levels  following  the  normal  DNA-damage  response.  This 
suggests  a  possible  p53-mediated  intermediate  response  in  a  proliferating  cell  to  low  levels  of 
endogenous  lesions  at  replication  forks  that  do  not  trigger  a  robust  DNA-damage  response  [292], 

In  an  extensive  study  of  Li  Fraumeni  families  by  the  Malkin  group  in  Toronto,  Canada,  where  the 
researchers  observed  an  increased  CNV  frequency  in  p53  mutation  carriers  was  observed,  prompting 
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us  to  examine  genomic  integrity  in  our  p53  mutants.  Furthermore,  genetic  anticipation  has  been 
suggested  to  occur  in  Li  Fraumeni  families  through  the  observation  of  an  increased  penetrance  of  the 
syndrome  in  each  subsequent  generation  [171,426],  The  Malkin  group  demonstrated  an  increased 
frequency  of  circulating  CNVs  in  offspring  from  LFS  parents,  proposing  the  idea  that  inherited  CNVs 
and  acquired  somatic  CNVs  lead  to  a  worsening  outcome  for  subsequent  LFS  generations  [171].  In 
parallel  with  the  human  study,  we  also  observed  a  high  level  of  CNVs  in  both  p53  mutants  as  early  as 
El  4.5,  as  shown  in  our  aCGH  comparisons  with  MEFs.  A  closer  look  at  the  origin  of  this  variation 
revealed  that  the  p53  R172H  tumor  had  significantly  more  unique  acquired  CNVs  compared  to  the 
p53  R172P  tumor  and  their  respective  MEFs,  suggesting  that  the  suppression  of  deleterious  HR 
might  be  an  additional  tumor-suppressive  capability  necessary  to  maintain  p53-mediated  genomic 
integrity.  The  fact  that  we  saw  more  inherited  CNVs  from  the  p53  R172H  colony  suggests  a  genetic 
drift  with  this  mutation  in  comparison  to  the  p53  R172P  mutation.  The  idea  being  that  the  p53  R172H 
mutation,  through  the  lack  of  HR  suppression  and/or  some  other  mechanism  confers  more  genomic 
instability  that  can  be  passed  on  to  subsequent  generations  in  the  breeding  cohort.  This  idea  perhaps 
explains  the  worsening  generational  effect  seen  in  LFS  families. 

In  conclusion,  we  propose  a  working  model  that  provides  support  for  another  layer  of  tumor 
suppressive  capability,  specifically  HR  suppression,  to  aid  p53’s  ability  to  play  a  guardian  and 
caretaker  role  in  the  fight  for  genomic  integrity  (Figure  3.10).  Using  the  in  vivo  pun  assay  and  an 
aCGH  analysis,  we  confirmed  p53’s  ability  to  suppress  HR,  most  likely  through  SSA.  The  effector 
response  of  cell-cycle  arrest  and  apoptosis  are  not  enough  to  explain  the  delay  in  tumorigenesis,  as 
seen  in  mouse  models  of  Li  Fraumeni  and  the  worsening  generational  effect  detected  in  the  human 
condition.  The  ability  of  p53  to  suppress  SSA  recombination  events  in  combination  with  a  cell-cycle 
arrest  response  helps  to  maintain  genomic  integrity  by  minimizing  newly  acquired  somatic  mutation; 
still,  the  eventual  loss  of  p53  functionality  by  other  upstream  or  downstream  means  initiates 
tumorigenesis.  Resistance  to  DNA-damaging  agents  is  a  common  therapeutic  problem  in  the 
treatment  of  cancer  and  is  typically  caused  by  a  loss  of  WT  p53  function  [427,428],  The  elucidation  of 
p53’s  functions  in  apoptosis,  cell-cycle  arrest,  and  DNA  recombination  has  clinical  promise  for 
improved  treatment  of  malignant  tumors, 
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Figure  3.10 
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Working  Model  to  Illustrate  Suppression  of  Homologous  Recombination  as  an  Additional  Tumor- 
suppressive  Functionality  of  p53.  p53  mutant  mice  and  functionalities  are  denoted.  Arrow  represents 
time  to  tumors. 
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Key  Research  Accomplishments 


•  R172P  mutant  mice  are  able  to  suppress  HR  similar  to  wild  type  suggesting  the  mechanism  is 
not  due  to  the  transactivation  of  apoptotic  genes  but  through  cell  cycle  or  protein:  protein 
interactions. 

•  R172H  mutant  mice  have  a  decrease  in  HR  similar  to  p53  null  mice,  which  do  not  produce  p53 
protein.  This  suggests  a  protein:  protein  interaction  defect  and  a  possible  indirect  regulatory 
role  for  p53  in  the  regulation  of  HR. 

•  Exposure  to  irradiation  in  R172P  mutant  mice  leads  to  a  robust  induction  of  HR  similar  to  WT. 
In  contrast  the  R172H  mutant  has  lost  some  functionality  necessary  for  eliciting  a  proper  p53 
response  to  IR  damage. 

•  Many  DNA  damaging  agents  with  differing  modes  of  actions  and  resultant  lesions  can  elicit  an 
HR  response. 
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Conclusions 

The  main  focus  of  this  grant  was  to  train  me  for  future  as  an  independent  breast  cancer 
investigator.  Using  the  funds  from  this  grant  this  year  I  have  attended  2  meetings  related  to  genomic 
instability  (Keystone  Symposia),  as  well  as  the  Era  of  Hope  Meeting  where  I  interacted  with  fellow 
DoD  awardees.  My  attendance  at  these  meetings  allowed  me  to  make  contacts  with  breast  cancer 
investigators  all  over  the  world.  I  was  exposed  to  cutting-edge  research  that  was  being  done  in  the 
field  of  breast  cancer  research.  My  poster  presentation  allowed  for  good  discussion  and  feedback 
from  other  investigators  that  will  help  shape  future  experiments  and  thinking  about  breast  cancer. 

I  have  had  1  dissertation  committee  meeting  this  year  (2-21-2011)  in  which  the  discussion  of  my 
progress  was  key.  My  committee  gave  me  invaluable  advice  on  analysis  of  experiments, 
interpretations,  statistical  help  and  time  management  for  progression  of  my  PHD.  We  have  had  our 
final  meeting  and  I  have  been  given  the  go-ahead  to  complete  my  manuscripts  and  begin  writing  my 
dissertation. 

I  continue  to  attend  seminars  twice  a  week  to  better  keep  up  with  ongoing  research  in  many 
fields.  This  has  been  a  great  lesson  in  critically  thinking  about  the  work  of  others  and  how  they 
answered  questions  and  solved  problems. 

I  continually  meet  with  my  mentors  on  a  weekly  basis  to  discuss  experiment  results,  future 
experiment  planning  and  troubleshooting  strategies. 

In  the  first  year  I  have  made  significant  progress.  Animal  models  are  very  difficult  but  I  have 
managed  to  learn  and  master  mouse  husbandry  and  now  have  a  thriving  healthy  breeding  colony. 

The  cohorts  mentioned  in  the  statement  of  work  have  all  been  established  and  experiments  are 
underway.  Assays  for  measuring  RAD51  foci,  NER,  BER  have  been  learned  by  the  PI  and  are 
currently  being  used  in  the  lab. 

The  most  significant  finding  that  has  come  from  the  second  and  third  year  of  this  grant  is  that 
there  is  a  difference  between  the  two  p53  mutants  in  terms  of  homologous  recombination  frequency. 
Given  the  separation  of  function  of  these  two  mutants  we  can  now  tease  out  the  mechanism  for  how 
p53  suppresses  homologous  recombination  both  in  a  spontaneous  situation  and  following  damage. 
The  microarray  analysis  showed  no  differential  expression  of  HR  relevant  genes  between  the  mutants 
as  and  thus  our  focus  will  be  on  determine  what  protein-protein  interaction  has  been  disrupted 
between  the  mutants  that  might  explain  the  difference  in  HR  frequency.  We  are  currently  optimizing 
these  experiments  and  hope  to  submit  a  manuscript  on  these  findings  in  2013.  We  will  also  continue 
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to  gather  enough  RPE  to  complete  IR  induction  experiments  in  hopes  of  a  their  first  author 
publication. 

“So  what” 

the  significance  of  these  initial  findings  is  that  we  are  closer  to  determining  what  p53  mutations  are 
exactly  doing  and  not  doing  in  cells.  If  we  can  determine  what  main  “normal”  functions  of  p53  are 
altered  or  lost  or  broken  in  cancer  cells  we  can  develop  better  targets  and  therapies  that  address 
these  issue  particularly.  For  example  if  it  is  determined  that  the  more  aggressive  R172H  mutation  has 
a  broken  protein:  protein  interaction  that  causes  it  to  have  hyper  recombination  leading  to  genomic 
instability  leading  to  cancer  than  there  is  a  chance  for  targeted  therapy  to  repair  this  interaction  in 
order  to  restore  normal  DNA  repair  function.  The  research  that  has  been  done  in  this  field  by  previous 
investigators  has  been  on  in  vitro  plasmid  based  models  with  questionable  results.  Here  we  use  an  in 
vivo  assay  in  a  clean  genetic  system  that  provides  an  excellent  model  for  determining  genomic 
instability  by  way  of  measuring  HR. 
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ABSTRACT 

Recent  studies  suggest  that  PARP1  inhibitors, 
several  of  which  are  currently  in  clinical  trial,  may 
selectively  kill  BRCA1/2  mutant  cancers  cells.  It  is 
thought  that  the  success  of  this  therapy  is  based  on 
immitigable  lethal  DNA  damage  in  the  cancer  cells 
resultant  from  the  concurrent  loss  or  inhibition  of 
two  DNA  damage  repair  pathways:  single-strand 
break  (SSB)  repair  and  homologous  recombination 
repair  (HRR).  Presumably,  inhibition  of  PARP1 
activity  obstructs  the  repair  of  SSBs  and  during 
DNA  replication,  these  lesions  cause  replication 
fork  collapse  and  are  transformed  into  substrates 
for  HRR.  In  fact,  several  previous  studies  have 
indicated  a  hyper-recombinogenic  phenotype  in 
the  absence  of  active  PARP1  in  vitro  or  in 
response  to  DNA  damaging  agents.  In  this  study, 
we  demonstrate  an  increased  frequency  of  spontan¬ 
eous  HRR  in  vivo  in  the  absence  of  PARP1  using 
the  pun  assay.  Furthermore,  we  found  that  the  HRR 
events  that  occur  in  Parpl  nullizygous  mice  are 
associated  with  a  significant  increase  in  large, 
clonal  events,  as  opposed  to  the  usually  more 
frequent  single  cell  events,  suggesting  an  effect  in 
replicating  cells.  In  conclusion,  our  data  demon¬ 
strates  that  PARP1  inhibits  spontaneous  HRR 
events,  and  supports  the  model  of  DNA  replication 
transformation  of  SSBs  into  HRR  substrates. 

INTRODUCTION 

Poly  (ADP-ribosyl)ation  is  the  posttranslational  transfer 
of  long  chains  of  negatively  charged  ADP-ribose  moieties 
to  proteins.  The  resultant  increase  in  negative  charge 
causes  the  target  protein  to  lose  DNA-binding  affinity 
(1).  Poly  (ADP-ribose)  polymerases,  or  PARPs, 
comprise  a  large  family  of  genes  that  have  shared 


homology  with  the  catalytic  domain  of  the  founding 
member,  PARP1  (1).  PARP1  has  been  widely  implicated 
in  a  multitude  of  cellular  processes  including  replication 
(2^1),  transcription  [reviewed  in  (5)],  chromatin  remodel¬ 
ing  [reviewed  in  (5)],  telomere  maintenance  (6)  and 
perhaps  most  notably,  the  repair  of  DNA  damage 
through  the  base  excision  repair  (BER)  pathway  (7-9). 

Current  understanding  is  that  the  key  BER  proteins 
actually  participate  in  several  distinct  pathways  such  as 
short-patch  BER,  long-patch  BER,  single  strand  break 
(SSB)  repair  and  nucleotide  incision  repair  (10). 
However,  the  common  factor  for  all  of  these  pathways  is 
an  SSB — be  it  the  initiating  lesion  or  an  intermediate  step 
in  a  repair  process.  PARP1  readily  binds  SSBs  (11,12)  and 
recruits  the  scaffolding  protein  XRCC1  (13).  PARP1  poly 
(ADP-ribosyl)ates  itself  (13),  reducing  its  DNA-binding 
affinity,  thus  allowing  other  repair  factors  to  bind  the 
lesion  site  (9,14). 

A  recent  study  demonstrated  that  chemical  inhibition  of 
PARP1  decreased  the  efficiency  of  SSB  repair  (15), 
conjecturing  that  chemically  inhibited  PARP1  remains 
bound  to  DNA  and  blocks  other  repair  proteins  from 
the  SSB  site.  However,  the  same  study  revealed  that 
despite  PARP1  silencing  via  RNA  interference,  cells 
were  able  to  repair  SSBs  (15),  indicating  that  an  alterna¬ 
tive  pathway,  possibly  homologous  recombination  repair 
(HRR),  can  compensate  for  this  loss.  Loss  of  Parpl  by 
way  of  gene  targeting  in  human  cells  does  not  hinder  for¬ 
mation  of  nuclear  RAD51  foci  (an  indicator  of 
RAD5 1-dependent  HRR)  (16),  nor  does  PARP1  inhib¬ 
ition  appear  to  obstruct  HRR  in  vitro  (16,17).  Waldman 
and  Waldman  (18)  found  a  4-fold  increase  in 
intrachromosomal  homologous  recombination  in  mouse 
fibroblasts  grown  in  the  poly(ADP-ribose)  polymerase  in¬ 
hibitor,  3-methoxybenzamide,  compared  to  controls. 
Furthermore,  PARP1  does  not  co-localize  to  RAD51 
foci  following  DNA  damage  (16)  indicating  that  it  is 
unlikely  that  PARP1  is  directly  involved  in  the  HRR 
process.  In  addition,  increased  sister  chromatid  exchange 
has  been  observed  with  PARP1  inhibitors  in  Chinese 
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hamster  ovary  cells  (19)  and  in  PARP1  null  mice  (20), 
whereas  over-expression  of  Parpl  decreases  the  incidence 
of  sister  chromatid  exchange  following  DNA  damage  (21). 
Resolution  of  SSBs  by  way  of  HRR  in  the  absence  of 
PARP1  activity  may  be  due  either  to  stalled  replication 
fork  or  DSBs  resulting  from  replication  fork  collapse.  The 
requirement  of  such  activity  is  the  postulated  basis  for 
synthetic  lethality  observed  when  treating  breast  and 
ovarian  cancer  cells  deficient  for  either  BRCA1  or 
BRCA2  with  PARP1  inhibitors  (4,22-24).  This  is 
because  BRCA1  and  BRCA2,  amongst  their  various  func¬ 
tions,  are  required  for  RAD51  dependent  double-stranded 
DNA  break  induced  HRR  (25-27).  Together,  these 
in  vitro  observations  indicate  that  loss  or  inhibition  of 
PARP1  leads  to  a  hyper-recombinogenic  phenotype. 

Here,  we  evaluate  the  spontaneous  frequency  of  HRR 
in  vivo  using  the  well-established  and  highly  sensitive  p“n 
eye  spot  assay  (28-30).  The  murine  pink-eyed  dilution 
gene,  p ,  encodes  a  protein  that  functions  in  the  pigmenta¬ 
tion  of  the  fur  and  the  retinal  pigment  epithelium  (RPE)  of 
the  mouse  (31).  Mice  lacking  a  functional  copy  of  this 
gene  are  hypopigmented,  having  a  dilute  (gray)  coat  and 
pink  eyes  (the  cells  of  the  RPE  are  rendered  transparent) 
(31).  One  such  mutant,  the  ‘pink-eyed  unstable’  (pun)  al¬ 
lele  contains  a  70-kb  duplication  of  exons  6-18  (32-34, 
Figure  1)  and  causes  this  autosomal  recessive  phenotype. 
However,  the  pun  allele  is  subject  to  a  relatively  high  fre¬ 
quency  of  spontaneous,  somatic  reversion  to  wild-type 
(35).  Reversion  can  only  be  attributed  to  HRR  mediated 
deletion  of  the  duplicated  exons,  which  restores  function¬ 
ality  of  p  (32,33)  and  consequently  pigmentation  to  the  fur 
and  RPE.  Equivalent  assays  in  yeast  have  demonstrated 
that  such  intrachromosomal  deletions  between  homolo¬ 
gous  tandem  repeats  may  be  mediated  by  either  a 
RAD51 -dependent  pathway  (canonical  HRR  pathway) 
or  a  RAD51 -independent  pathway  [single  strand  anneal¬ 
ing  (SSA),  an  alternative  HRR  pathway)]  (36).  Therefore, 
the  frequency  of  pun  reversion  is  indicative  of  the  somatic 
occurrence  of  spontaneous  HRR  events  (28,29,37).  Here 
we  use  the  pun  eye  spot  assay  to  demonstrate  that  the 
absence  of  PARP1  results  in  increased  spontaneous 
somatic  HRR  events  in  vivo.  The  significant  increase  in 
rare  multi-cell  clones  of  eye  spots  in  Parpl  nullizygous 
mice  suggests  that  the  normal  function  of  PARP1  is  to 
remove  DNA  lesions  prior  to  their  becoming  HRR  sub¬ 
strates  during  DNA  replication.  Our  observations  sub¬ 
stantiate  current  models  of  the  relationship  between 
PARP1  and  HRR,  providing  formal  in  vivo  evidence  of 
a  spontaneous,  hyper-recombination  phenotype. 

MATERIALS  AND  METHODS 

Generation  of  mice 

Mice  heterozygous  for  a  targeted  null  allele  of  Parpl, 
\29S-ParpltmlZqw  (38),  were  obtained  from  Jackson 
Laboratories  (Bar  Harbor,  ME)  and  genotyped  for 
Parpl  as  described  (http://parplink.u-strasbg.fr/protocols 
/tools/parp l_typing.html)  earlier.  The  ParpV mice  were 
made  C57BL/6J  congenic  by  five  backcrosses  followed 
by  two  crosses  to  C57BL/6J  mice.  Mice  with 


homozygous  genotype  were  selected  by  their  pheno¬ 
typic  gray  coat  color.  The  resulting  C57BL/6J  N7 
Parp  I  ■  pun!un  mjce  (hereafter  referred  to  as  Parpl+'~) 
were  self-crossed  to  create  the  necessary  experimental 
{Parpl  '_)  and  control  animals  (Parpl+/~  and  Parpl+/+). 

P“"  assay 

The  pun  frequency  assay  was  performed  as  described 
earlier  (29).  Briefly,  eyes  were  harvested,  with  the  investi¬ 
gator  blinded  to  the  genotypes  until  after  pl,n  eye  spot  data 
was  collected.  Three  types  of  data  were  collected  for  each 
RPE:  the  total  number  of  eye  spots,  the  number  of  cells 
comprising  each  eye  spot,  and  the  position  of  each  eye 
spot  relative  to  the  optic  nerve.  Following  Bishop  et  al. 
(29),  a  pun  reversion  event  or  eye  spot  was  defined  as  ‘a 
pigmented  cell  or  a  cluster  of  pigmented  cells,  separated  by 
no  more  than  one  unpigmented  cell’.  Eyes  were  viewed  at 
15  x  using  a  Zeiss  Axiovert  microscope  and  methodically 
scanned  for  pigmented  spots.  A  5x  mosaic  photograph 
was  taken  of  each  RPE  using  a  Zeiss  Lumar  V.12  stereo¬ 
microscope,  Zeiss  Axiovision  MRm  camera  and  Zeiss 
Axiovision  4.6  software  (Thornwood,  NY,  USA).  In 
cases  where  a  suspected  clone  consisted  of  pigmented 
cells  separated  by  clear  cell(s),  the  Adobe  Photoshop 
CS2  (San  Jose,  CA,  USA)  measure  tool  was  used  to 
assess  if  the  unpigmented  area  between  pigmented  cells 
was  consistent  with  the  single  cell  diameter  in  that  part 
of  the  RPE  (Figure  1).  The  pun  positional  assay  was  then 
performed  as  described  earlier  (28).  Briefly,  the  position  of 
each  spot  relative  to  the  optic  nerve  was  calculated  using 
simple  measurements.  In  Photoshop,  the  brush  tool  was 
used  to  mark  the  approximate  center  of  the  optic  nerve 
and  the  measure  tool  was  then  used  to  obtain  two  dis¬ 
tances  for  each  eye  spot:  (i)  from  the  center  of  the  optic 
nerve  to  the  proximal  edge  of  the  eye  spot,  and  (ii)  from 
the  center  of  the  optic  nerve  to  the  edge  of  the  RPE.  By 
dividing  the  former  by  the  latter,  the  position  of  each  eye 
spot  relative  to  the  optic  nerve  was  determined. 

Primary  mouse  embryonic  fibroblasts  and  cell  culture 

Primary  mouse  embryonic  fibroblasts  (MEFs)  were 
obtained  by  intercrossing  Parpl  heterozygous  mice  to 
obtain  Parpl  null  embryos  and  littermate  controls. 
Pregnancies  were  timed  by  the  observation  of  a  vaginal 
copulation  plug  and  embryos  were  harvested  on  Day 
El 4.  Embryos  were  mechanically  homogenized  and 
allowed  to  incubate  in  0.05%  Trypsin-EDTA  for 
20  min.  Cells  were  cultured  in  Dulbecco’s  modified 
Eagle’s  medium  supplemented  with  lOOOOU/ml  penicillin, 
lOOOOpg/nrl  streptomycin,  25(.ig/ml  Amphotericin  B 
(Cellgro).  The  cells  were  grown  at  37°C  in  the  presence 
of  5%  C02  in  a  humidified  incubator. 

RAD51  nuclear  foci  immunofluorescence 

HRR  frequency  was  determined  by  immunofluorescence 
using  an  antibody  against  RAD51  (RK-70-005,  MBL)  as 
described  earlier  (39).  Cells  were  grown  on  acid-washed 
fibronectin  coated  cover  slips  at  a  density  of  1  x  105 
cells/cover  slip.  Cells  were  then  fixed  with  4% 
paraformaldehyde  and  permeabilized  using  Triton  X-100 
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Figure  1.  HR-mediated  reversion  of  the  pu"  allele.  (A)  Schematic  of  the  p“"  mutation.  HR  events  mediate  the  deletion  of  one  copy  of  a  tandem  repeat 
(of  Exons  6-18)  rendering  the  p  gene  functional,  thus  causing  pigmentation  of  RPE  cells.  Circles  represent  centromeres  and  arrows  telomere  DNA. 
(B)  Mosaic  image  of  a  Parp /  '  RPE  wholemount.  The  13  p“"  reversion  spots  are  indicated  with  black  arrowheads.  (C)  Example  of  two  distinct  pun 
reversion  events  within  a  cluster  of  pigmented  cells,  x  is  the  diameter  of  one  cell  in  this  region  of  the  RPE  and  2x  is  twice  this  diameter.  For  example, 
the  two  clusters  of  cells  labeled  i,  are  separated  by  a  distance  of  .v  and  are  scored  as  one  event.  The  cluster  labeled  ii  is  a  distance  of  2x  from  cluster  i, 
and  therefore  represents  a  distinct  event. 


for  10  min  at  room  temperature.  Blocking  was  performed 
with  1  %  BSA-4%  goat  serum  for  1  h  followed  by  an  over¬ 
night  incubation  with  RAD51  antibody  (1:2000)  in  a 
humidified  chamber.  Goat  antichicken  Alexa  Fluor  488 
(Invitrogen)  diluted  1:1000  was  applied  to  each  cover 
slip  for  1  h  followed  by  DAPI  staining  and  Fluoromount 
G  slide  mounting.  A  minimum  of  100  nuclei  were 
examined  for  each  genotype,  repeated  with  three  technical 
replicates  per  genotype. 

Statistics 

Parametric  analysis  of  variance  was  performed  in 
Microsoft  Excel  1994  for  Mac  (Redmond,  Washington). 
The  Fmax  test  was  done  by  hand  per  Ftartley  (40)  and 
Rohlf  and  Sokal  (41).  Measurements  of  skew  and 
kurtosis  were  obtained  using  descriptive  statistics  in 
Microsoft  Excel  1994  for  Mac  (Redmond,  Washington). 
N  on-parametric  Kruskal-Wallis  test  was  performed  using 
Stata  (College  Station,  TX,  USA).  Dunn’s  test  was  done 
by  hand  per  Siegel  (42).  Chi-squared  contingency  analysis 
was  performed  using  the  VasserStats  online  calculator 


(http://faculty.vasser.edu/lowry/VasserStats.html, 
accessed  11/2009).  Fisher’s  Exact  test  (43)  was  used  to 
compare  RAD51  foci  quantification  using  the  sum  of 
the  technical  replicates  per  genotype. 

RESULTS 

Loss  of  Parpl  leads  to  a  significant  increase  in 
FIRR  in  vivo 

PARP1,  amongst  its  various  activities,  is  involved  in  SSB 
repair  (11,12).  Inhibition  of  the  PARP1  protein  in  BRCA1 
and  BRCA2  mutant  cells  leads  to  their  selective  cell  death 
(23,44).  This  has  led  to  the  working  model  that  the 
observed  cell  death  is  due  to  immitigable  DNA  damage 
caused  by  the  loss  of  two  key  DNA  repair  pathways:  (i) 
HRR,  due  to  loss  of  BRCA1/2,  and  (ii)  SSB  repair  due  to 
inhibition  of  PARP1  (4,23,24).  This  model  suggests  that 
lack  of  PARP1  alone  will  cause  an  increase  in  HRR  fre¬ 
quency  in  the  absence  of  exogenous  damage.  To  test  this 
assumption,  we  determined  the  spontaneous  frequency  of 
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HRR  in  Parpl~!~,  +'~  and  +/+  animals  using  the  in  vivo pun 
assay. 

The  frequency  of  pun  reversion  was  determined  in 
Parpl~j~,  +l~  and  +/+  animals  using  pun  eye  spot  assay 
(Table  1  and  Figure  2).  There  is  a  clear  increase  in  the 
frequency  of  pun  reversion  events  observed  in  the  absence 
of  PARP1  compared  to  wild-type  and  heterozygous 
littermate  controls.  Considering  that  the  data  is 
non-parametric  and  not  normal,  we  used  the 
non-parametric  Kruskal-Wallis  test  (followed  by  Dunn’s 
test  to  determine  which  groups  are  different  from  one 
another).  This  analysis  revealed  that  Parpl animals 
had  a  highly  statistically  significant  increase  in  pun  rever¬ 
sion,  and  thus  increased  FIRR,  compared  to  controls 
(R  =  0.0001). 

Parpl  null  mice  have  an  earlier  incidence  of  p“"  reversion 
than  controls 

The  RPE  develops  radially  outward  from  the  optic  nerve 
during  development  (45),  therefore,  much  like  the  concen¬ 
tric  annual  rings  of  a  tree,  the  positions  of  eye  spots 
indicate  the  developmental  time  at  which  they  occurred 
(28,29).  pun  reversion  events  closer  to  the  optic  nerve 
occurred  earlier  in  development  and  events  further  from 
the  optic  nerve  occurred  later  in  development  (29).  To 
investigate  whether  the  increased  number  of  events 
occurred  at  a  particular  time  during  development,  we 
analyzed  the  relative  positions  of  the  pun  reversion  events 
on  the  RPE  of  differing  Parpl  genotype  (35  wild-type,  28 
heterozygous  and  24  Parpl  null  RPE).  A  Kruskal-Wallis 
test  was  used  to  compare  the  positional  distribution  of 
spots  and  indicated  that  there  is  a  significant  difference 
between  genotypes  (P  =  0.0043,  Figure  3).  Subsequently, 
a  Dunn’s  test  indicated  that  the  Parpl  null  group  is  dif¬ 
ferent  from  the  control  groups. 

To  determine  whether  the  difference  in  the  positions  of 
spots  was  due  to  early  or  late  events,  comparison  was  done 
between  the  numbers  of  events  with  proximal  positions 
(earlier  in  development,  0-0.50)  versus  the  numbers  of 
events  with  distal  positions  (later  in  development,  0.51- 
1.0).  A  2x3  contingency  table  analysis  comparing 
wild-type,  heterozygous  and  null  revealed  a  highly  statis¬ 
tically  significant  difference  in  the  proportion  of  spots  on 
the  proximal  half  of  the  RPE  (x2  =  32.09,  P  <  0.0001).  To 
verify  that  the  difference  was  due  to  the  null  group,  groups 
were  analyzed  pairwise.  There  was  no  significant  differ¬ 
ence  between  wild-type  and  heterozygous  ( P  =  0.865), 
whereas  the  null  group  was  significantly  different  from 
each  of  them  ( P  =  0.005  and  P  =  0.004,  respectively). 


Table  1.  Summary  of  RPE  examined  and  pun  reversion  frequency  by 
Parpl  genotype 


Genotype 

No.  of 
RPE 

Total  no. 
of  spots 

Average  no. 
of  spots/RPE 

Average 
spot  size 
(no.  cells) 

Parpl+I+ 

42 

287 

6.8 

3.5 

Parpl+>- 

34 

264 

7.8 

2 

Parpl  ^ 

28 

545 

19.5 

6.2 

Finally,  2x2  analysis  was  performed  comparing  the  null 
group  against  the  combined  heterozygotes  and  wild-type, 
confirming  a  highly  statistically  significant  difference 
(x2  =  17.86,  P<  0.0001),  indicating  that  there  is  a  shift 
of  pun  reversion  events  to  earlier  in  development.  One  in¬ 
terpretation  of  this  result  is  that  there  is  an  increased  rate 
of  homologous  recombination  that  occurs  in  the  absence 
of  PARPlT 

Clonal  expansion  of  p“"  reversion  events  is  associated  with 
PARP1  absence 

On  initial  analysis  of  the  RPE,  there  appeared  be  a  greater 
number  of  large  (consisting  of  multiple  cells)  spots  in  the 
Parpl~’~  RPE  (Table  1).  Previous  studies  have  shown 
that  spots  with  greater  than  10  cells  are  very  rare  (28,30, 
Bishop,  unpublished  data).  Therefore,  a  2  x  3  contingency 
table  analysis  (Chi-square)  was  computed  comparing  the 
number  of  spots  with  10  or  fewer  cells  and  the  number  of 
spots  with  1 1  or  more  cells  between  genotypes  (x2  =  32.65, 
P<  0.0001,  Figure  4).  To  determine  if  the  null  group  is 


T3 

CD 

>, 

(0 

(/) 

to 

(0 

LB 

CL 

OC 


c 

(V 

o 

CD 

CL 


100%  -| 

80%  - 

60%  - 

40%  - 

20%  - 

0%  - 
100%  -| 

80%  - 


Parpl  +/+ 


Parpl +/- 


60%  - 
40%  - 


0123456789  10  >10 

Number  of  eye  spots 


Figure  2.  The  frequency  of  pun  reversion  events  in  the  RPE  (pigmented 
eye  spots)  in  mice  with  differing  Parpl  genotypes.  There  is  a  highly 
statistically  significant  difference  between  the  frequency  of  eye  spots  in 
Parpl mice  compared  to  wild-type  and  heterozygous  controls 
(P  =  0.0001  using  the  non-parametric  Kruskal-Wallis  test.  A  Dunn’s 
test  determined  that  the  null  group  is  different  from  the  other  two). 
The  x-axis  is  expressed  as  whole  number  counts  of  eye  spots,  while  the 
y-axis  is  expressed  as  percent  of  RPE  assayed  for  that  genotype.  For 
example,  over  80%  of  the  Parpl RPE  had  greater  than  10  eye  spots. 
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Position  of  eye  spot  on  RPE  from  optic  nerve  (0)  to  edge  (1 ) 

Figure  3.  Positional  distribution  of  spots  in  mice  with  differing  Parpl  genotypes.  The  position  of  an  eyespot  is  a  measurement  relative  to  the  optic 
nerve  head.  The  position  ‘O',  which  represents  the  optic  nerve  head,  correlates  to  pun  reversion  events  that  occurred  relatively  early  in  eye  develop¬ 
ment.  The  position  T’,  which  represents  spots  at  the  edge  of  the  RPE,  correlates  to  reversion  events  that  occurred  at  a  later  time  in  eye  development. 
Non-parametric  analysis  with  a  Kruskal-Wallis  test  ( P  =  0.013)  followed  by  a  Dunn’s  Test  indicated  that  there  is  an  increase  in  HRR  more  proximal 
to  the  optic  nerve,  and  presumably  earlier  in  eye  development,  in  Parpl  null  mice  compared  to  wild-type  and  heterozygous  controls.  Wild-type  and 
heterozygous  controls  showed  no  difference,  so  data  were  combined  in  this  graphical  representation  to  compensate  visually  for  disparity  in  sample 
sizes  between  the  null  group  and  either  of  the  controls.  The  position  (along  the  x-axis)  and  size  (along  the  y-axis)  of  each  individual  eye  spot  is 
represented  as  a  dot.  The  vertical  marker  delineates  the  position  that  is  halfway  between  the  optic  nerve  head  and  the  edge  of  the  RPE.  The 
horizontal  marker  represents  the  divide  between  large  and  small  eye  spots  and  is  therefore  at  the  11 -cell  size  marker.  Any  dot  on  or  above  this  line 
represents  a  ‘large’  eye  spot. 


the  cause  of  statistical  significance  and  because  our  fre¬ 
quency  and  positional  analysis  showed  no  difference 
between  wild-type  and  heterozygous,  the  data  for  these 
two  groups  were  combined  and  compared  against  the 
null  group  in  a  2x2  contingency  table  analysis 
(x2  =  28.64,  P<  0.0001).  These  results  indicate  that  there 
is  a  significant  increase  in  the  incidence  of  large  spots  in 
the  Parpl  null  mice  compared  to  controls,  indicating  an 
increase  in  HRR  in  proliferating  cells. 

To  investigate  whether  a  particular  subset  of  spots 
(single  cell  or  multi-cell)  caused  the  observed  shift  in 
spots  to  an  earlier  time  in  development  in  Parpl  null 
mice,  a  Kruskal-Wallis  test  was  used  to  analyze  the 
relative  positions  of  these  subsets  of  eye  spots  between 
genotypes.  This  test  revealed  that  multi-cell  eye  spots  are 
shifted  toward  the  optic  nerve  in  the  null  mice  as 
compared  to  heterozygous  and  wild-type  (P  =  0.0001). 
Furthermore,  analysis  of  the  single-cell  eye  spots  showed 
no  difference  between  groups  (P  =  0.5762,  Kruskal- 
Wallis  test),  indicating  that  the  positional  shift  observed 
when  analyzing  all  spots  is  in  fact  due  to  the  multi-cell  eye 
spots.  Considering  that  the  Parpl  null  mice  display  both 
an  increase  in  the  large  eye  spots  and  the  position  of  these 
eye  spots,  we  examined  whether  these  large  eye  spots  are 
significantly  increased  in  the  proximal  half  of  the  RPE  in 
the  absence  of  PARP1.  A  2  x  2  contingency  table  analysis 
revealed  that  indeed  there  was  a  significant  increase  in 


large,  multi-cell  events  (>  1 1  cells)  in  the  proximal  half  of 
the  RPE  in  null  mice  compared  to  control  RPE 
(x2  =  5.49,  P  =  0.019,  Figure  3).  This  suggests  that 
many  more  highly  replicative  cells  are  prone  to  pun  rever¬ 
sion  events  during  early  RPE  development  in  the  absence 
of  PARP1. 

Loss  of  Parpl  leads  to  an  increase  in  RAD51  nuclear  foci 

It  has  been  previously  reported  that  human  cells  either 
deficient  or  inhibited  for  PARP1  have  increased  RAD51 
nuclear  foci,  an  indicator  of  increased  HRR  (16,17).  To 
demonstrate  that  the  same  cellular  phenomenon  is 
observed  here  with  the  mouse  Parpl  knockout  model, 
we  examined  spontaneous  levels  of  RAD51  nuclear  foci 
in  MEFs  isolated  from  these  mice  (Figure  5).  As  expected, 
the  observed  frequency  of  spontaneous  RAD51  foci  for 
wild-type  MEFs  displayed  a  very  low  background,  mostly 
in  the  category  of  0-5  RAD51  foci  per  cell.  However, 
Parpl  null  MEFs  showed  a  high  number  of  cells  with 
RAD51  foci  with  68.3%  having  >6  foci  per  cell 
compared  to  wild-type  MEFs  (23.5%)  ( P  =  2.6e-29).  In 
addition,  comparing  0  foci  to  either  the  6-10  or  >10  foci 
per  cell  groups  demonstrates  a  significant  increase  in 
numbers  of  foci  per  cell  in  the  Parpl  null  cells 
(P  =  3.3e-15  and  P  =  8.3e-25,  respectively).  This  data 
suggests  a  significantly  higher  frequency  of  HRR  in 


Nucleic  Acids  Research,  2010,  Vol.  38,  No.  21  7543 


o 

o  - 


tfi 


Wild-type  Heterozygous  Nullizygous 

n  =  250  n  =  229  n  =  499 


Figure  4.  The  size  of  eye  spots  in  mice  with  differing  Parpl  genotypes.  Eye  spot  size  is  expressed  as  the  number  of  pigmented  RPE  cells  comprising 
the  eye  spot  (y-axis).  A  statistically  significant  increase  in  the  number  of  large  eye  spots  in  Parpl  null  mice  (x~  =  32.65,  p<  0.0001)  compared  to 
wild-type  and  heterozygous  controls  is  shown  by  using  a  2  x  3  contingency  table.  Comparison  of  null  against  combined  wild-type  and  heterozygous 
data  in  a  2  x  2  contingency  table  also  demonstrated  a  statistically  significant  difference  in  the  null  group  (x2  =  28.64,  /z  <  0.0001). 


Parpl  null  MEFs  compared  to  wild-type,  correlating  well 
with  our  in  vivo  pun  assay  observations. 


DISCUSSION 

The  inhibition  of  PARP1  activity  is  an  exciting  novel 
therapy  used  in  the  treatment  of  BRCA1  and  BRCA2 
hereditary  breast  and  ovarian  cancers  (22).  The  mechan¬ 
ism  by  which  this  therapy  is  thought  to  work  is  by  syn¬ 
thetic  lethality  resulting  from  an  inability  to  repair  SSBs 
by  either  PARP1 -dependent  SSB  repair  or  BRCA1/ 
2-dependent  HRR  (after  replication  fork  stall/  collapse) 
(4,23,24).  This  model  would  suggest  an  increase  in  the 
spontaneous  frequency  of  HRR  in  the  absence  of 
PARP1.  In  vitro  evidence  for  a  hyper-recombination 
phenotype  has  been  presented  in  various  tissue  culture 
experiments  (16,17,19-21).  Here,  we  provide  in  vivo 
evidence  that  spontaneous  HRR  frequency  is  indeed 
increased  in  the  absence  of  PARP1  protein  by  using  an 
established  mouse  model  for  measuring  HRR  events. 
HRR  dependent  repair  of  SSBs  has  been  proposed  to  be 
due  to  DNA  replication  fork  collapse  at  the  SSB  that 
converts  these  lesions  into  HRR  substrates.  Our  data 
supports  this  notion,  with  a  significant  increase  in  large 
clonal  eye  spots  in  the  Parpl  null  background  compared 
to  controls.  There  is  no  selective  advantage  for  pun  rever¬ 
sion,  thus  it  is  likely  that  similar  somatic  homologous  re¬ 
combination  events  are  occurring  in  replicating  cells 
throughout  all  tissues  of  the  body  and  not  just  in  the  de¬ 
veloping  RPE  and  at  the  pun  locus. 

The  pun  HRR  assay  is  based  on  the  loss  of  one  copy  of  a 
DNA  duplication  that  encompasses  exons  6-18  of  the 
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Figure  5.  Spontaneous  frequency  of  RAD51  nuclear  foci  in  wild-type 
and  Parpl  null  MEFs.  (A)  Frequency  of  RAD51  foci  per  cell  by  geno¬ 
type  categorized  in  0,  1-5,  6-10  and  >10  foci  by  Parpl  genotype 
provided  as  a  percentage  of  cells  in  the  bar  graph  and  actual 
numbers  of  cells  in  the  table.  There  is  a  statistically  significant 
increase  in  cells  with  RAD51  foci  in  Parpl  null  MEFs  compared  to 
wild-type  MEFs  (comparing  0-5  foci  per  cell  to  >6  foci,  P  =  2.6e-29). 
Furthermore,  there  are  more  RAD51  foci  present  per  cell  in  the 
absence  of  PARP1.  Representative  field  of  cells  with  RAD51  foci 
positive  cells  are  presented  in  (B)  for  wild-type  and  (C)  for  Parpl 
null  MEFs.  Blue  is  DAPI  and  green  is  RAD51,  taken  with  a  40x 
objective. 
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p  gene,  restoring  the  function  of  this  pigmentation  gene. 
Theoretically  the  pun  reversion  event,  a  homology  directed 
deletion,  may  be  mediated  by  either  of  two  alternative 
mechanisms  (36).  First,  there  is  the  canonical,  RAD51/ 
BRCA1 -dependent  F1RR  pathway  and  is  likely  instigated 
by  either  a  double-stranded  DNA  break  or  DNA  replica¬ 
tion  fork  collapse.  The  alternative  homology-dependent 
repair  pathway  is  SSA.  SSA  is  a  RAD51 -independent 
pathway  that  can  mediate  intrachromosomal  deletions 
between  homologous  DNA  sequences,  but  is  unlikely  to 
be  dependent  upon  the  DNA  replication  process  and  is 
more  likely  to  act  in  response  to  a  double-stranded 
DNA  break  than  an  SSB-induced  replication  fork 
collapse  (46,47).  In  contrast,  RAD51 -dependent  HRR  is 
considered  a  high  fidelity  DNA  repair  pathway  and  is 
likely  a  favored  mechanism  in  replicating  cells.  Therefore, 
RAD51 -dependent  HRR  provides  the  most  obvious 
explanation  for  the  observation  that  earlier  pun  reversion 
events  in  proliferating  cells  will  lead  to  larger  eye  spots. 

Using  the  pun  assay,  we  previously  reported  that  there  is 
a  significant  increase  in  HRR  in  Atm,  p53  and  Gadd45a 
null  mice  compared  to  controls  (28).  While  these  models 
showed  differing  shifts  in  the  timing  of  events  (position  of 
eye  spots)  (28),  the  distribution  of  eye  spot  size  was 
equivalent  to  wild-type  (a  majority  of  single  cell  eye 
spots,  fewer  two  cell  eye  spots,  and  so  forth.  Bishop, 
unpublished  data).  In  contrast,  in  the  Parpl  null  mice 
we  observed  a  significant  increase  in  the  number  of 
multi-cell  spots,  particularly  those  greater  than  10  cells 
(Figure  4).  It  is  possible  that  different  HRR  pathways 
are  at  work  in  these  different  mutant  mice,  with  a  prefer¬ 
ence  for  replication-tied  RAD51 -dependent  HRR  events 
observed  in  PARP1  null  mice. 

It  has  already  been  postulated  that  the  mechanism  by 
which  Parpl  nullizygosity  increases  HRR  is  through  rep¬ 
lication  fork  collapse.  Therefore,  it  is  probable  that  it 
is  the  RAD51/BRCAl-dependent  HRR  pathway  that 
results  in  the  hyper-recombination  phenotype  we  have 
observed  in  the  Parpl  null  animals.  In  such  a  case,  it 
would  logically  follow  that  more  of  the  spots  consist  of 
a  greater  number  of  cells  because  the  original  cell  in  which 
the  pun  reversion  occurred  was  a  proliferating  cell;  the 
daughter  cells  would  have  inherited  the  reverted  p  allele 
and  thus  will  also  be  pigmented.  However,  in  wild-type,  as 
well  as  in  Atm,  p53  and  Gadd45a  null  mice,  the  majority  of 
spots  are  single-cell  events.  These  events  follow  the  same 
general  pattern  of  positions  as  larger  spots,  but  with  a 
phase  shift  toward  the  optic  nerve.  This  relative  distribu¬ 
tion  suggests  that  the  single-cell  events  were  likely  to  have 
occurred  in  cells  that  were  in  their  terminal  division  at  the 
rear  of  the  proliferating  region  of  the  RPE  (28).  Therefore, 
it  is  possible  that  these  single-cell  events  were  not  neces¬ 
sarily  tied  to  active  replication  machinery,  but  rather 
could  be  due  to  SSA,  in  a  DNA  replication-independent 
manner.  BRCAl-dependent  HRR  is  thought  necessarily 
to  involve  RAD51  (48)  yet  SSA  is  thought  to  be  a 
RAD51 -independent  event  (36).  In  support  of  this,  we 
observe  a  significant  increase  in  spontaneous  nuclear 
RAD51  foci  in  the  absence  of  PARP1.  Though  we 
cannot  determine  the  proportion  of  pun  reversions  that 
result  from  SSA  events,  it  appears  that  the  absence  of 


PARP1  results  in  a  clear  increase  in  pun  reversion  events 
that  are  tied  to  cellular  proliferation  and  DNA  replication. 
Overall,  our  observations  provide  formal  evidence  that  the 
absence  of  PARP1  protein  results  in  a  spontaneous 
hyper-homologous  recombination  phenotype  that 
supports  the  proposed  mechanisms  of  PARP1  inhibition 
and  BRCA1/2  null  synthetic  lethality. 
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Background:  Biomarkers  driving  TGF-/3  from  tumor-suppressing  to  tumor-promoting  remain  elusive. 

Results:  p53  mutation  inhibits  TGF-/3- induced  ShcA/ERK  signaling  and  enhances  Smad  signaling.  Elevated  p-p52ShcA  levels 
shift  the  role  of  TGF-/3  from  growth  suppression  to  migration  promotion. 

Conclusion:  Mutant  p53  disrupts  the  role  of  ShcA  in  balancing  Smad-dependent  and  -independent  signaling  activity  of  TGF-/3. 
Significance:  Elevated  p-p52ShcA  levels  are  a  promising  biomarker  for  TGF-J3  as  a  tumor  promoter. 


Biomarkers  are  lacking  for  identifying  the  switch  of  trans¬ 
forming  growth  factor- /i  (TGF-/3)  from  tumor-suppressing  to 
tumor-promoting.  Mutated  p53  (mp53)  has  been  suggested  to 
switch  TGF-/3  to  a  tumor  promoter.  However,  we  found  that 
mp53  does  not  always  promote  the  oncogenic  role  of  TGF-/3. 
Here,  we  show  that  endogenous  mp53  knockdown  enhanced 
cell  migration  and  phosphorylation  of  ERK  in  DU145  prostate 
cancer  cells.  Furthermore,  ectopic  expression  of  mp53  in  p53- 
null  PC-3  prostate  cancer  cells  enhanced  Smad-dependent  sig¬ 
naling  but  inhibited  TGF-/3- induced  cell  migration  by  down¬ 
regulating  activated  ERK.  Reactivation  of  ERK  by  the  expression 
of  its  activator,  MEK- 1,  restored  TGF-  /3-induced  cell  migration. 
Because  TGF-/3  is  known  to  activate  the  MAPK/ERK  pathway 
through  direct  phosphorylation  of  the  adaptor  protein  ShcA  and 
MAPK/ERK  signaling  is  pivotal  to  tumor  progression,  we  inves¬ 
tigated  whether  ShcA  contributed  to  mp53-induced  ERK  inhi¬ 
bition  and  the  conversion  of  the  role  of  TGF-/S  during  carcino¬ 
genesis.  We  found  that  mp53  expression  led  to  a  decrease  of 
phosphorylated  p52ShcA/ERK  levels  and  an  increase  of  phos- 
phorylated  Smad  levels  in  a  panel  of  mp53-expressing  cancer 
cell  lines  and  in  mammary  glands  and  tumors  from  mp53 
knock-in  mice.  By  manipulating  ShcA  levels  to  regulate  ERK 
and  Smad  signaling  in  human  untransformed  and  cancer  cell 
lines,  we  showed  that  the  role  of  TGF-/3  in  regulating  anchorage- 
dependent  and  -independent  growth  and  migration  can  be 
shifted  between  growth  suppression  and  migration  promotion. 
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Thus,  our  results  for  the  first  time  suggest  that  mp53  disrupts 
the  role  of  ShcA  in  balancing  the  Smad-dependent  and  -inde¬ 
pendent  signaling  activity  of  TGF-/3  and  that  ShcA/ERK  signal¬ 
ing  is  a  major  pathway  regulating  the  tumor-promoting  activity 
of  TGF-/3. 


Transforming  growth  factor-//!  (TGF-/8)  is  a  tumor  suppres¬ 
sor  during  early  tumor  outgrowth.  However,  carcinogenesis- 
mediated  elevation  of  TGF- /3  production  and  signaling  is  often 
tumor-promoting  at  later  stages,  leading  to  enhanced  tumor 
cell  migration,  invasion,  and  metastasis  (1).  Increased  TGF-/3  is 
often  associated  with  the  loss  of  the  growth-inhibitory  activity 
of  TGF-/3  and  its  conversion  to  promote  malignant  progression 
of  cancers  (2),  making  TGF-/3  a  potential  therapeutic  target. 
Indeed,  many  preclinical  studies  have  shown  the  efficacy  of  var¬ 
ious  types  of  TGF-/3  inhibitors  in  blocking  tumor  growth, 
angiogenesis,  and  metastasis  in  animal  models  of  human  and 
rodent  cancer  (3-5).  However,  biomarkers  are  lacking  for  sig¬ 
nifying  the  complicated  molecular  alterations  mediating  the 
switch  of  TGF-/3  from  tumor  suppression  to  tumor  promotion 
and  for  identifying  appropriate  cancer  patients  for  therapy  with 
TGF-/3  inhibitors. 

As  a  homodimeric  polypeptide  in  humans  and  mice,  TGF-/3 
signals  through  cell  surface  receptors  called  TGF-/3  type  I  (RI)2 
and  type  II  (RII)  receptors  to  regulate  multiple  cellular  func¬ 
tions  including  cell  proliferation,  differentiation,  migration, 
and  wound  healing  (1).  RI  and  RII  are  transmembrane  serine/ 
threonine  kinase  receptors  that  also  contain  tyrosine  kinase 
activity  (6).  Active  TGF-/3  ligands  bind  first  to  RII,  which  then 


2  The  abbreviations  used  are:  RI,  TGF-/3  type  I  receptor;  RII,  TGF-/3type  II  recep¬ 
tor;  mp53,  mutant  p53;  SBE,  Smad-binding  element;  R-Smad,  receptor- 
regulated  class  of  Smads;  DNRII,  dominant-negative  RII;  MTT,  3-(4,5- 
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide;  MMTV,  murine 
mammary  tumor  virus;  p-ERK,  phosphorylated  ERK;*MEK-1,  constitutively 
active  form  of  MEK-1. 
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recruits  RI,  leading  to  the  phosphorylation  and  activation  of  RI. 
Active  RI  directly  phosphorylates  the  receptor-regulated  class 
of  Smads  (R-Smad),  Smad2/3.  Phosphorylated  R-Smads  in  turn 
associate  with  Smad4  and  translocate  into  the  nucleus  to  regu¬ 
late  the  transcription  of  TGF-j3-responsive  target  genes  (1). 

Besides  Smad-mediated  canonical  signaling,  TGF-j3  also  sig¬ 
nals  through  Smad-independent  pathways  including  the  Ras/ 
Raf/ERK  pathway  (7).  The  integration  of  TGF-j3-mediated- 
Smad-dependent  and  -independent  signaling  is  believed  to 
contribute  to  the  key  events  of  TGF-/3-induced  tumor  progres¬ 
sion  including  ERK  signaling-mediated  cell  migration  (8,  9). 
TGF-J3  activates  Ras/ERK  signaling  through  the  direct  phos¬ 
phorylation  of  the  adaptor  protein  ShcA  (10).  ShcA  belongs  to 
the  family  of  She  adaptor  proteins,  which  are  substrates  of 
receptor  tyrosine  kinases  (11).  ShcA  consists  of  three  isoforms, 
p46,  p52,  and  p66.  They  are  derived  from  two  different  tran¬ 
scripts,  called  p66  and  p52/p46  mRNAs  (12).  Compared  with 
p52ShcA,  p46ShcA  results  from  a  different  in-frame  ATG  tran¬ 
script  and  is  predominantly  expressed  in  mitochondria  with  an 
elusive  role  (13).  Following  the  TGF-/3  engagement,  tyrosine- 
phosphorylated  RI  recruits  and  directly  phosphorylates  p52/ 
46ShcA  proteins  on  tyrosine  sites,  leading  to  their  association 
with  Grb2  adaptor  protein  and  Sos  GTP  exchange  factor  (14). 
The  ShcA-Grb2-Sos  complex  activates  Ras  (15),  thereby  initi¬ 
ating  the  sequential  activation  of  c-Raf,  MEK,  and  ERK1/2. 
Among  the  three  tyrosine  phosphorylation  sites  at  residues 
239/240  (Tyr-239/240)  and  317  (Tyr-317)  in  the  CHI  domain 
of  p52/46ShcA,  Tyr-317  plays  the  major  role  in  Ras/ERK  sig¬ 
naling  activation  (11,  16).  Clinical  studies  have  shown  that  a 
high  amount  of  Tyr-317-phosphorylated  p52/46ShcA  alone 
with  a  low  amount  of  p66ShcA  serves  as  an  efficient  predictor 
for  identifying  aggressive  breast  tumors  with  a  high  risk  of 
recurrence  (17,  18).  High  levels  of  TGF-J8  are  also  associated 
with  poor  outcome  of  human  cancer  (1).  However,  it  is  unclear 
whether  ShcA-mediated  activation  of  ERK  signaling  contrib¬ 
utes  to  the  switch  of  TGF-/3  function  during  carcinogenesis. 

A  recently  published  study  has  shown  that  the  presence  of 
mutated  p53  (mp53)  in  the  DNA-binding  domain  in  certain 
cells  together  with  additional  Ras  activation  can  switch  TGF-/3 
activity  to  that  of  a  tumor  promoter  in  the  MD  A-MB-23 1  breast 
cancer  cell  line  and  H1299  non-small  cell  lung  cancer  cell  line 
(19).  Somatic  mutation-induced  inactivation  of  p53  occurs  in 
about  50%  of  human  cancers  including  breast  and  prostate  can¬ 
cer  (20).  p53  mutation  is  considered  a  biomarker  of  advanced 
prostate  cancer  in  which  prostate  cancer  cells  lose  differenti¬ 
ated  phenotypes  and  transit  from  androgen-dependent  to 
androgen-independent  growth  (21).  Rather  than  losing  the 
wild-type  p53  (WTp53),  the  tumor  with  retention  of  mp53  has 
been  shown  to  be  more  aggressive  and  associated  with  poor 
outcome  in  certain  cancer  types  (22).  For  example,  mp53  was 
shown  to  enhance  the  cell  migration  and  invasion  in  breast  and 
lung  cancer  cell  lines  (23).  However,  the  role  of  mp53  in  medi¬ 
ating  the  key  steps  of  cancer  progression  including  cell  migra¬ 
tion  and  invasion  is  largely  cell  context-dependent  and  contro¬ 
versial  (24).  For  example,  in  human  endometrial  cancer  cells, 
the  p53  R213Q  mutation  does  not  promote  cell  migration  (25). 
As  shown  in  another  study  using  the  H1299  cell  line,  p53 
R175H  negatively  regulates  cell  migration  when  TGF-/3/Smad 


signaling  is  repressed  (26).  At  present,  the  cellular  context  for 
mp53  to  exert  its  oncogenic  activity  is  underexplored.  In  addi¬ 
tion,  little  is  known  about  whether  mp53  alone  is  sufficient  to 
activate  the  switch  of  TGF-j3  during  tumor  progression. 

T  o  gain  a  more  thorough  understanding  of  the  effect  of  mp53 
on  tumor  progression,  particularly  with  respect  to  the  role  of 
TGF-J3  signaling,  we  investigated  whether  mp53  contributes  to 
the  conversion  of  the  role  of  TGF-j3  in  the  regulation  of  cell 
growth  and  migration.  Here,  we  show  that  mp53  alone  is  not 
sufficient  to  promote  the  oncogenic  role  of  TGF-/3.  We  further 
demonstrate  that  mp53  disrupts  the  role  of  ShcA  in  altering  the 
signaling  strength  of  TGF-J3  through  ERK  and  Smad  pathways 
in  certain  human  untransformed  and  cancer  cell  lines  and  mice 
with  mp53  knock-in.  ShcA-mediated  ERK  signaling  appears  to 
play  a  more  dominant  role  in  conferring  the  tumor-promoting 
activity  of  TGF-J3  in  the  regulation  of  cell  growth  and  migra¬ 
tion.  Our  finding  provides  novel  insight  into  the  role  of  ShcA  as 
a  promising  biomarker  in  driving  TGF-J3  signaling  toward 
tumor  promotion. 

EXPERIMENTAL  PROCEDURES 

Ethics  Statement — All  animal  experiments  were  conducted 
following  appropriate  guidelines.  They  were  approved  by  the 
Institutional  Animal  Care  and  Use  Committee  and  monitored 
by  the  Department  of  Laboratory  Animal  Resources  at  the  Uni¬ 
versity  of  Texas  Health  Science  Center  at  San  Antonio  (proto¬ 
col  identification  numbers  99142-34-11-A  and  05054- 34-01-A) 
and  the  M.  D.  Anderson  Institutional  Animal  Care  and  Use 
Committee  (protocol  identification  number  079906634). 

Cell  Culture — Human  untransformed  mammary  epithelial 
cell  line  MCF-10A  was  obtained  from  the  Michigan  Cancer 
Foundation.  These  cells  were  grown  in  DMEM/F-12  supple¬ 
mented  with  5%  horse  serum,  EGF,  NaHC03,  hydrocortisone, 
insulin,  Fungizone,  CaCl2,  cholera  toxin,  and  antibiotics. 
Human  prostate  carcinoma  cell  lines  PC-3,  DU145,  and  22Rv-l 
and  human  breast  cancer  cell  line  BT20  was  purchased  from  the 
American  Type  Culture  Collection  (ATCC,  Manassas,  VA). 
The  human  breast  cancer  MCF-7  control  cell  line  and  the  dom¬ 
inant-negative  RII  (DNRII)-transfected  cell  line  were  provided 
by  Dr.  Michael  G.  Brattain  (27).  All  these  cells  were  cultured  in 
McCoy’s  5A  medium  with  10%  fetal  bovine  serum  (FBS)  and 
other  supplements  as  described  previously  (28).  The  human 
breast  cancer  cell  line  BT474  was  obtained  from  ATCC  and 
cultured  in  DMEM  (low  glucose)  with  10%  FBS.  Cells  were 
maintained  at  37  °C  in  a  5%  C02  humidified  incubator. 

Chemicals — The  small  RI  kinase  inhibitor  HTS466284 
reported  previously  to  be  an  ATP-competitive  inhibitor  of  RI 
kinase  (29)  was  synthesized  by  the  Chemical  Synthesis  Core  of 
Vanderbilt  University.  U0126  is  an  MEK-1/2  inhibitor  from 
Calbiochem. 

Plasmids  and  Transfection — p52/46ShcA  plasmid  was  pur¬ 
chased  from  Origene.  p53  R175H-pCMV-Neo-Bam  plasmid 
was  provided  by  Dr.  Harikrishna  Nakshatri.  p53 
R273H-pCDNA3  plasmid  was  provided  by  Dr.  Zhi-Min  Yuan. 
Human  WTp53  expression  plasmid  pRc/CMV  hp53  was 
obtained  from  Dr.  Arnold  Levine.  Constitutively  active  MEK-1 
plasmid  was  provided  by  Dr.  Kun-Liang  Guan.  Stable  transfec¬ 
tion  of  p53  R175H  into  PC-3  cells  was  performed  by  using  Lipo- 
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fectamine  2000  (Invitrogen) .  Forty-eight  hours  after  the  trans¬ 
fection,  G418  selection  of  neomycin-resistant  cells  was 
conducted  for  1  week.  The  sequence  of  p53  siRNA  1  is  5'-CCG 
GAC  GAU  AUU  GAA  CAA  UGG  UUC  A-3',  and  the  sequence 
of  p53  siRNA  2  is  5'-GCU-UCG  AGA  UGU  UCC  GAG  AGC 
UGA  A-3'  (Invitrogen).  The  sequence  of  ShcA  siRNA  is 
5'-GAC  UAA  GGA  UCA  CCG  CUU  U-3'  (Dharmacon,  Lafay¬ 
ette,  CO).  All  transient  transfections  were  performed  by  using 
Lipofectamine  2000  according  to  the  manufacturer’s  protocol. 
The  pLKO.l-puro  lentiviral  RII  shRNA  and  control  shRNA 
were  purchased  from  Sigma.  The  sequence  of  RII  shRNA  is 
5'-CCG  GCC  TGA  CTT  GTT  GCTAGT  CAT  ACT  CGA  GTA 
TGA  CTA  GCA  ACA  AGT  CAG  GTT  TTG-3'.  The  process  of 
generating  MCF-10A  cells  with  stable  knockdown  of  RII  was 
conducted  according  to  the  manufacturer’s  protocol. 

Immunoblotting  Analysis — Immunoblotting  analyses  were 
performed  as  described  previously  (30).  Primary  antibodies 
were  obtained  from  the  following  sources:  p-Smad2,  p-ERK 
(Thr-202/Tyr-204),  p-ShcA  (Tyr-317),  total-ERK,  and  MEK- 
1/2  from  Cell  Signaling  Technology  (Danvers,  MA);  p-Smad3 
from  Epitomics  (Burlingame,  CA);  total  Smad2/3  from  BD 
Transduction  Laboratories;  p53  from  Santa  Cruz  Biotechnol¬ 
ogy  (Santa  Cruz,  CA);  total  ShcA  from  BD  Biosciences;  and  RII 
from  Abeam  (Cambridge,  MA).  Relative  expression  levels  of  the 
indicated  genes  were  quantified  with  ImageJ  software  (National 
Institutes  of  Health). 

Cell  Migration  Assay — Cell  migration  assays  were  performed 
in  24-well  Boyden  chambers  with  8 -pm  pore  polycarbonate 
membranes  (BD  Biosciences).  Cells  at  the  indicated  number  in 
serum-free  medium  were  seeded  in  the  upper  insert.  Complete 
medium  with  or  without  treatment  was  added  in  the  lower 
chamber.  After  18  h,  cells  that  had  migrated  through  the  mem¬ 
brane  were  stained  with  the  Hema  3  Stain  18  kit  (Fisher  Scien¬ 
tific)  according  to  the  manufacturer’s  protocol.  Migrated  cells 
were  counted  under  a  microscope  with  100X  magnification. 

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  Bro¬ 
mide  (MTT)  Assay — Cells  were  plated  in  a  96-well  plate  at  2,500 
cells/well  with  or  without  TGF-/31  treatment.  Two  hours 
before  each  time  point,  50  pi  of  MTT  (2  mg/ml  in  PBS)  was 
added  into  each  well,  and  cells  were  incubated  at  37  °C  for 
another  2  h.  DMSO  (100  pi)  was  added  into  each  well  after  the 
medium  was  removed.  For  dissolving  the  precipitate,  the  plate 
was  gently  shaken  on  a  shaker  for  10  min.  The  absorbance  was 
measured  at  595  nm  with  a  microplate  reader  (BioTek  Instru¬ 
ment,  Winooski,  VT). 

Soft  Agar  Colony  Formation  Assay — Cells  in  1  ml  of  0.4%  low 
melting  agarose  (Invitrogen)  with  culture  medium  were  plated 
at  6,000  cells/well  on  top  of  existing  0.8%  agarose  in  6-well 
plates.  The  wells  were  covered  with  1  ml  of  culture  medium 
containing  various  treatments  and  incubated  at  37  °C  in  a  5% 
C02  incubator  for  the  indicated  number  of  days.  Visualized 
colonies  were  counted  after  staining  with  p-iodonitrotetrazo- 
lium  violet  (Sigma)  overnight. 

SBE-Luciferase  Reporter  Assay — The  pSBE4-Luc  plasmid 
with  Smad-responsive  promoter  and  luciferase  reporter  gene 
was  used  to  measure  the  TGF-/3-induced  transcriptional  activ¬ 
ity  (31).  Cells  at  100,000  cells/well  were  plated  in  12-well  plates. 
After  24  h,  the  pSBE4-Luc  plasmid  (0.4  pg)  was  transiently 


co-transfected  with  a  /3-galactosidase  expression  plasmid  (0.1 
pg)  into  the  cells  by  using  Lipofectamine  2000.  TGF-j31  was 
added  to  the  transfected  cells  5  h  later.  After  an  additional  20  h 
of  incubation,  cells  were  lysed,  and  the  activities  of  luciferase 
and  /3-galactosidase  of  the  cell  lysates  were  assayed  as  described 
previously  (32).  Luciferase  activity  was  normalized  to  j3-galac- 
tosidase  activity. 

Animal  Tissue  Protein  Extraction — C57BL/6  mice  with  a 
heterozygous  p53R172H  mutation  were  described  previously 
(33).  Heterozygous  p53R172P  mice  were  generated  in  a  similar 
way  (34).  They  were  crossed  to  C57BL/6  punlun  mice  (The  Jack- 
son  Laboratory,  Bar  Harbor,  ME)  (35).  Heterozygous  breeding 
cohorts  oipS3R172PI+  pun,un  and  pS3R172HI+  punlun  were  inter¬ 
crossed  to  produce  the  /,53*i7ap/JU72l\ pun'un,  pS3RI72HIR,72H 
pun/un,  ancj  pgg+/+  pun/un  mjce  MMTV-  Wntl  mice  were  bred 
with  p53+,+  or  p53R172H/+  mice  to  generate  MMTV-WmLZ 
mice  in  p53+l+ ,  p53R172HI+ ,  and  p5. 3R172H/R172H  backgrounds. 
A  fraction  of  tumors  in  the  p53R172H,+  background  undergo 
loss  of  heterozygosity  (herein  referred  to  as  p53R172H/°)  and 
thus  are  functionally  p53  mutants.  Loss  of  heterozygosity  anal¬ 
ysis  was  performed  as  described  previously  (36).  The  tumor 
sizes  were  measured  regularly  with  a  caliper  in  two  dimensions. 
Tumorvolumes  (V)  were  calculated  with  the  equation  V=  (L  X 
W2)  X  0.5  where  L  is  length  and  W  is  width.  When  tumors 
reached  a  volume  of  ~500  mm3,  mice  were  sacrificed,  and  the 
tumors  were  collected. 

The  isolated  mammary  tissues  from  pggR172piR172P  pun'unt 

P53R1 72H!R1 72pC  pUn/un i  and  p53  +  /+  pun/un  mice  Qr  breast 

tumors  from  MMTV- Wntl-p53+/+,  .pS3R172HIR172H  and 
-p53R172H/°  mice  were  snap  frozen  in  liquid  nitrogen.  Proteins 
for  immunoblotting  analysis  were  isolated  from  liquid  nitrogen 
by  grinding  tissues  using  T-Per  extraction  reagent  (Thermo 
Fisher  Scientific  Inc.,  Rockford,  IL)  according  to  the  manufac¬ 
turer’s  protocol. 

Statistical  Analysis — Two-tailed  Student’s  t  tests  were  used 
to  determine  the  significant  difference  between  two  mean  val¬ 
ues  from  the  control  and  experimental  data.  All  statistical  anal¬ 
ysis  was  performed  with  GraphPad  Prism  3.03  software 
(GraphPad  Software,  La  Jolla,  CA). 

RESULTS 

Mutant  p53  Inhibits  Cell  Migration  and  Down-regulates  ERK 
Signaling  in  Prostate  Cancer  Cell  Lines — To  investigate 
whether  mp53  alone  can  promote  tumor  migration,  we 
knocked  down  mp53  in  the  human  prostate  cancer  cell  line 
DU145  containing  inactivating  endogenous  p53  P223L  and 
V274F  mutations  in  its  DNA-binding  domain  (37).  We  found 
that  instead  of  making  cells  less  migratory  mp53  knockdown 
significantly  enhanced  cell  migration  accompanied  by  the  acti¬ 
vation  of  ERK  via  phosphorylation  (p-ERK)  (Fig.  1,  A  and  B). 
Active  ERK  signaling  is  reported  to  be  essential  for  tumor 
metastasis  progression  including  cell  migration  (9),  suggesting 
that  the  mp53  depletion-induced  migration  was  likely  caused 
by  the  up-regulated  ERK  signaling.  We  further  stably  intro¬ 
duced  mutant  p53  R175H  with  a  mutation  in  its  DNA-binding 
domain  into  the  p53-null  human  prostate  cancer  cell  line  PC-3 
(PC-3/mp53).  This  resulted  in  the  repression  of  cell  migration 
as  well  as  the  down-regulation  of  ERK  signaling  (Fig.  1,  C  and 
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FIGURE  1 .  Mutant  p53  inhibits  cell  migration  and  ERK  signaling  in  pros¬ 
tate  cancer  cell  lines.  A,  immunoblotting  analysis  of  the  indicated  gene 
expression  in  DU145  cells,  which  were  transfected  with  control  or  p53  siRNA 
for  72  h.  B,  cell  migration  was  assessed  in  DU145  cells  48  h  after  the  transfec¬ 
tion.  Cells  were  plated  at  40,000  cells/insert  and  incubated  for  18  h  as 
described  under  "Experimental  Procedures."  Data  represent  mean  ±  S.E. 
from  three  inserts.  *,  p  <  0.05.  C,  immunoblotting  analysis  of  the  indicated 
gene  expression  in  PC-3  cells  with  stable  introduction  of  p53  R1 75H  expres¬ 
sion  plasmid  (PC-3/mp53)  or  empty  vector.  D,  cell  migration  was  assessed  in 
PC-3/mp53  and  control  cells  plated  at  70,000  cells/insert  and  incubated  for 
1 8  h.  Data  represent  mean  ±  S.E.  from  three  inserts.  *,  p  <  0.05.  T-ERK,  total 
ERK.  Error  bars  represent  S.E. 


D ).  These  data  indicate  that  mp53  in  certain  prostate  cell  lines 
attenuates  cell  migration,  which  is  a  key  step  of  procancer 
metastasis. 

Mutant  p53  Represses  Oncogenic  Role  ofTGF-fi  and  Enhances 
TGF-fi/Smad  Signaling  in  Prostate  Cancer  Cell  Line — 
The  presence  of  mp53  has  been  shown  to  facilitate  the  tumor- 
promoting  activity  of  TGF-/3  in  some  breast  cancer  models  (19). 
Because  mp53  was  found  not  to  enhance  cell  migration  in  our 
studies  with  two  prostate  cancer  cells,  we  explored  whether 
mp53  showed  a  different  effect  on  the  oncogenic  role  of  TGF-J8. 
We  observed  that  TGF-j8  significantly  increased  migration  of 
the  control  PC-3  cells,  whereas  it  suppressed  migration  in  the 
PC-3/mp53  cells,  suggesting  that  the  activity  of  TGF-J3  is 
affected  by  the  presence  of  mp53  (Fig.  2 A).  Because  PC-3  is  a 
tumorigenic  cell  line,  we  next  performed  a  soft  agar  colony 
formation  assay  to  assess  the  effect  of  p53  R175FI  on  the  growth 
of  PC-3  cells  in  an  anchorage-independent  manner.  We  found 
that  the  presence  of  p53  R175H  repressed  the  anchorage-inde¬ 
pendent  growth  ability  of  PC-3/ mp53  cells  compared  with  cells 
without  mp53.  Interestingly,  the  colony  formation  was  more 
dramatically  inhibited  by  TGF-/3,  and  the  treatment  with 
FITS466284,  an  RI  kinase  inhibitor  (29),  significantly  stimu¬ 
lated  colony  formation  in  PC-3/mp53  cells  (Fig.  2,  B  and  C).  To 
rule  out  the  possibility  that  the  p53  R175H-reduced  cell  migra¬ 
tion  in  PC-3  cells  was  due  to  an  altered  cell  growth  rate,  we 
verified  that  the  presence  of  p53  R175H  in  PC-3  cells  showed 


little  effect  on  cell  growth  but  that  TGF-j3  treatment  induced  a 
moderate  growth  inhibition  in  a  dose-dependent  manner  (Fig. 
2D).  Thus,  these  results  indicate  that  p53  R175H  alone  is  not 
sufficient  to  switch  TGF-j3  to  be  more  tumor-promoting  in  the 
PC-3  cell  line.  Considering  that  TGF-j3-inhibited  anchorage- 
dependent  and  -independent  cell  growth  is  mainly  due  to 
Smad-dependent  signaling  (38,  39),  we  investigated  whether 
p53  R175H  could  alter  the  activation  of  TGF-/3/Smad  signaling 
in  PC-3/mp53  cells.  We  found  that  p53  R175H  made  PC-3  cells 
more  sensitive  to  TGF-/3  in  a  dose-dependent  manner  as  evi¬ 
denced  by  higher  levels  of  TGF-j3-induced  phosphorylation  of 
Smad2/3  (Fig.  2 E).  Additionally,  the  transcriptional  activity  of 
TGF-J3  was  also  increased  in  PC-3/mp53  cells  when  compared 
with  the  control  cells  as  detected  with  transfection  of  a  Smad- 
responsive  promoter-luciferase  reporter  plasmid  (SBE-Luc) 
(Fig.  2 F),  further  indicating  that  the  presence  of  p53  R175H 
enhanced  the  Smad-dependent  signaling.  These  results 
revealed  that  the  addition  of  p53  R175FI  to  PC-3  cells  enhanced 
TGF-j3/Smad-signaling  while  inhibiting  TGF-/3-induced  cell 
migration. 

Mutant  p53  Represses  Activation  of  ShcA/ERK  Signaling — It 
is  suggested  that  Smad-dependent  and  -independent  signaling 
pathways  work  together  to  drive  the  key  events  of  TGF-/3-in- 
duced  cell  migration  and  metastasis  (8).  However,  our  observa¬ 
tions  indicate  that  Smad-dependent  signaling  is  not  responsible 
for  the  loss  of  TGF-j8-induced  migration  in  PC-3/mp53  cells  as 
reflected  by  the  enhanced  TGF-|3/Smad  signaling.  Conse¬ 
quently,  we  speculated  that  MAPK/ERK  signaling  might  be 
involved  in  the  loss  of  TGF-j3-induced  cell  migration  of  PC-3/ 
mp53  cells.  Consistent  with  our  observation  above  (Fig.  1C),  we 
found  that  the  basal  level  of  p-ERK  was  markedly  reduced  in  the 
PC-3/mp53  cells  when  compared  with  control  cells  (Fig.  3 A). 
Additionally,  TGF-J3  was  unable  to  further  activate  ERK  in 
PC-3/mp53  cells  (Fig.  3 A).  To  confirm  that  this  observation  was 
specifically  due  to  mp53  expression  and  not  an  aberrant 
selection  of  a  pool  of  antibiotic-resistant  clones,  we  tran¬ 
siently  introduced  p53  R175H  into  PC-3  cells  and  found  that 
p-ERK  was  greatly  reduced  when  compared  with  PC-3  cells 
transfected  with  a  control  plasmid  or  a  WTp53  expression 
plasmid  (Fig.  3 B).  In  parallel,  p53  R175H  knockdown  in 
PC-3/mp53  cells  with  p53  siRNA  restored  the  p-ERK  level 
(Fig.  3C).  We  additionally  used  another  p53  mutation  in  the 
DNA-binding  domain,  p53  R273H,  which  also  enhanced 
TGF-|3-stimulated  phosphorylation  of  Smad2/3  and  inhib¬ 
ited  the  basal  and  TGF-j3-stimulated  p-ERK  levels.  Consis¬ 
tently,  p53  R273H  also  significantly  attenuated  TGF-j3-in- 
duced  cell  migration  of  PC-3  cells  in  comparison  with  the 
control  cells  (Fig.  3 D  and  supplemental  Fig.  1A).  However, 
exogenous  human  WTp53  expression  in  PC-3  cells  showed 
no  effect  on  the  level  of  TGF- j3-induced  cell  migration,  TGF- 
j8-induced  activation  of  ERK,  or  Smad  signaling  (Fig.  3 E  and 
supplemental  Fig.  IB).  Because  tyrosine-phosphorylated 
p52ShcA  has  been  shown  to  positively  mediate  TGF-/3-acti- 
vated  Ras/ERK  signaling  (10),  we  next  examined  whether  the 
mp53-inhibited  phosphorylation  of  ERK  was  linked  to  the 
down-regulation  of  p-p52ShcA.  Indeed,  the  expression  of 
p53  R175H  and  p53  R273H,  but  not  WTp53,  in  PC-3  cells 
inhibited  TGF-j3-induced  phosphorylation  of  p52ShcA 
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FIGURE  2.  Mutant  p53  inhibits  oncogenic  role  of  TGF-/3  and  enhances  TGF-/3/Smad  signaling.  A,  cell  migration  was  assayed  with  PC-3/mp53  and  PC-3 
control  cells  plated  at  70,000  cells/insert  with  or  without  TGF-/31  (2  ng/ml)  for  18  h.  Data  represent  mean  ±  S.E.  from  three  inserts.  **,p  <  0.01  ;***,  p  <  0.0001 . 
B,  soft  agar  colony  formation  ability  was  assessed  in  PC-3/mp53  and  PC-3  control  cells  under  the  indicated  TGF-/31  or  FITS466284  (HTS)  treatment  for  1 2  days. 
Data  represent  mean  ±  S.E.  from  three  wells.  *,p  <  0.05;  **,p  <  0.01.  C,  representative  pictures  of  soft  agar  colonies  of  PC-3/mp53  and  PC-3  control  cells  were 
taken  after  12-day  treatment  with  2  ng/ml  TGF-J31  or  0.1  p.M  FITS466284.D,  effect  of  TGF-/31  on  cell  proliferation  was  measured  with  the  MTT  assay  at  day  6  after 
incubation  with  the  indicated  dose  of  TGF-/31 .  Data  represent  mean  ±  S.E.  from  five  wells.  A  two-tailed  f  test  was  performed  to  compare  the  mean  of  relative 
cell  number  between  PC-3/mp53  and  PC-3  control  cells  for  all  treatments.  *,  p  <  0.05.  E,  immunoblotting  analysis  for  the  indicated  gene  expression  was 
performed  in  PC-3/mp53  and  PC-3  control  cells  under  TGF-/31  treatment  for  40  min.  F,  SBE-luciferase  assay  was  performed  using  PC-3/mp53  and  PC-3  control 
cells  after  TGF-/31  treatment  as  described  under  "Experimental  Procedures."  Data  represent  mean  ±  S.E.  from  three  independent  transfections  of  relative 
luciferase  units  normalized  to  j8-galactosidase  activity.  *,p<  0.05;  **,  p  <  0.01 .  T-Smad2/3,  total  Smad2/3.  Error  bars  represent  S.E. 


compared  with  control  cells  (Fig.  3 F).  Thus,  these  data 
revealed  that  mp53,  but  not  WTp53,  has  the  ability  to  down- 
regulate  ShcA-mediated  ERI<  signaling. 

Expression  of  MEK-1  or  ShcA  Restores  Active  ERK  Level  and 
TGF-fi-  induced  Cell  Migration — To  determine  whether  the 
attenuated  ERK  signaling  led  to  the  loss  of  TGF-j3-induced  cell 
migration  in  PC-3/mp53  cells,  we  examined  whether  TGF-/3- 
induced  cell  migration  could  be  rescued  by  the  reactivation  of 
ERK.  As  shown  in  Fig.  44,  ectopic  expression  of  the  ERK  acti¬ 
vator,  a  constitutively  active  form  of  MEK-1  (*MEI<-1),  was  able 
to  restore  the  level  of  p-ERK  in  PC-3/mp53  cells.  More  impor¬ 
tantly,  compared  with  control  plasmid-transfected  cells,  PC-3 / 
mp53  cells  with  'MEK-1  expression-rescued  p-ERK  became 
responsive  again  to  TGF-J3  in  cell  migration  (Fig.  4B).  These 
results  suggest  the  need  for  active  ERK  signaling  to  mediate  the 
migration-promoting  activity  of  TGF-/3  in  the  presence  of 
mp53.  To  further  confirm  our  results,  we  used  DU145  cells  to 
test  whether  manipulating  the  active  ERK  by  elevated  ShcA 
activation  also  affected  TGF-/3-induced  cell  migration  in  a  dif¬ 
ferent  mp53-containing  model  system.  We  found  that  TGF-/3 
slightly  induced  the  phosphorylation  of  ShcA  and  did  not 


induce  the  phosphorylation  of  ERK  (Fig.  4 C).  Neither  was 
TGF-J3  able  to  induce  DU145  cell  migration  (Fig.  4 D),  reca¬ 
pitulating  the  results  with  PC-3/mp53  (Fig.  2 A).  Conversely, 
ectopic  overexpression  of  p52/46ShcA  in  the  presence  of 
TGF-j3  expression  resulted  in  the  clear  activation  of 
p52ShcA  and  ERK  as  well  as  the  stimulation  of  cell  migra¬ 
tion.  These  findings  are  highly  consistent  with  the  findings 
from  PC-3/mp53  cells  with  reactivated  ERK  (Fig.  4 B).  Our 
observations  thus  far  have  demonstrated  that  TGF-J3  is  able 
to  induce  cell  migration  in  the  context  of  mp53  when 
p-p52ShcA  is  elevated  and  that  this  correlates  with  activa¬ 
tion  of  ERK.  To  verify  that  the  increase  of  TGF-j3-induced 
cell  migration  after  overexpression  of  p52/46ShcA  was  in 
fact  mediated  by  the  activation  of  ERK,  we  treated  the  PC-3 
cells  with  an  ERK  signaling  inhibitor,  U0126,  and  found  that 
TGF-j3-induced  cell  migration  was  totally  abolished  (Fig. 
4£).  Thus,  these  findings  indicate  that  TGF-/3-induced  cell 
migration  is  dependent  on  its  activation  of  ERK  signaling  in 
prostate  cancer  cells  in  which  mp53  tends  to  attenuate  TGF- 
j3-induced  cancer  malignancy. 
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FIGURE  3.  ShcA-mediated  ERK  signaling  is  down-regulated  in  presence  of 
mutated  p53.  A,  immunoblotting  analysis  for  the  indicated  gene  expression 
was  performed  in  PC-3/mp53  and  PC-3  control  cells  after  TGF-/31  treatment 
for  40  min.  B,  immunoblotting  analysis  for  p-ERK  and  p53  was  performed  in 
PC-3  cells  72  h  after  transfection  of  p53  R175H  expression  plasmid,  human 
WTp53  expression  plasmid,  or  the  empty  vector.  C,  immunoblotting  analysis 
for  the  indicated  gene  expression  was  performed  in  PC-3/mp53  cells  72  h 
after  transfection  of  p53  siRNA  1,  p53  siRNA  2,  or  control  siRNA.  D,  immuno¬ 
blotting  analysis  for  the  indicated  gene  expression  was  assessed  in  PC-3  cells 
72  h  after  transfection  of  a  p53  R273H  expression  plasmid  or  empty  vector 
followed  by  TGF-/31  treatment  for  40  min.  E,  immunoblotting  analysis  for  the 
indicated  gene  expression  was  assessed  in  PC-3  cells  72  h  after  transfection  of 
a  human  WTp53  expression  plasmid  or  empty  vector  followed  by  TGF-J31 
treatment  for  40  min.  F,  immunoblotting  analysis  for  the  indicated  gene 
expression  was  conducted  in  PC-3/mp53  and  PC-3  control  cells  and  PC-3  cells 
transfected  with  p53  R273H  or  WTp53  expression  plasmid  for  72  h  followed 
by  TGF-/31  treatment  for  40  min.  T-ERK,  total  ERK;  T-Smad2/3,  total  Smad2/3; 
con;  control. 


ShcA  Alters  Role  ofTGF-fJ  in  Cellular  Migration  and  Anchor- 
age-dependent  and  -independent  Growth  in  Transformed  Cells — 
To  this  point,  we  have  demonstrated  that  mp53-induced  alter¬ 
ation  of  Smad-dependent  and  -independent  TGF-/3  signaling  is 
due  to  altered  ShcA  activation.  Therefore,  we  next  investigated 
whether  ShcA  could  serve  as  a  biomarker  in  converting  the  role 
of  TGF-j3  from  growth  suppression  to  migration  promotion  in 
cancer  cells.  To  this  end,  we  examined  the  effect  of  manipulat¬ 
ing  the  expression  level  of  ShcA  in  PC-3  cells  on  growth  and 
migration.  Interestingly,  we  found  that  knockdown  of  ShcA  iso¬ 
forms  by  pan-ShcA  siRNA  decreased  TGF-j3-induced  phos¬ 
phorylation  of  ERK  and  increased  TGF-j3-induced  phosphory¬ 
lation  of  Smad2/3  (Fig.  5 A).  Conversely,  the  ectopic 


overexpression  of  p52/46ShcA  raised  TGF-j3-induced  phos- 
phorylated  ERK  levels  and  reduced  TGF-jS-induced  phospho- 
rylated  Smad2/3  levels  (Fig.  SB).  Consistently,  we  found  that 
knockdown  of  p52/46ShcA  enhanced,  but  ectopic  overexpres¬ 
sion  of  p52/46ShcA  reduced,  TGF-/3-inhibited  anchorage-de- 
pendent  (Fig.  5,  C  and  D)  and  -independent  cell  growth  (Fig.  5, 
E  and  F).  TGF-/3-induced  cell  migration  was  significantly 
diminished  in  ShcA-depleted  cells  but  significantly  increased  in 
p52/46ShcA-overexpressing  cells  (Fig.  5,  G  and  FT).  Because 
anchorage-independent  growth  ability  is  associated  with 
tumorigenicity  in  vivo  and  cell  migration  is  a  key  step  of  tumor 
progression,  our  results  suggest  that  ShcA  attenuates  the  tumor 
suppressor  activity  of  TGF-/3  while  enhancing  its  tumor  pro¬ 
moter  activity. 

ShcA  Alters  Role  of  TGF-p  in  Cellular  Migration  and  Cell 
Growth  in  Untransformed  Cells — To  further  investigate  the 
effect  of  ShcA  on  TGF-j3-mediated  cellular  growth  and  migra¬ 
tion,  we  introduced  pan-ShcA  siRNA  or  p52/46ShcA  cDNA 
into  untransformed  MCF-10A  cells,  which  lack  complicated 
alterations  of  tumor  suppressor  genes  and  oncogenes.  By  using 
this  spontaneously  immortalized  and  non-tumorigenic  human 
mammary  epithelial  cell  line,  we  were  able  to  examine  the  tran¬ 
sition  of  the  role  of  TGF-/3  in  the  early  stage  of  transformation. 
We  essentially  observed  the  same  phenotypic  changes  as  in  the 
transformed  PC-3  cells.  Specifically,  knockdown  of  ShcA  iso¬ 
forms  down-regulated  TGF-j3-induced  phosphorylation  of 
ERK  and  up-regulated  TGF-/3-induced  phosphorylation  of 
Smad2/3  (Fig.  6 A).  In  cells  with  knockdown  of  ShcA,  we  found 
that  TGF-j3-inhibited  cell  growth  was  significantly  enhanced 
(Fig.  6C)  and  that  TGF-/3-induced  cell  migration  was  signifi¬ 
cantly  reduced  (Fig.  6 E)  in  comparison  with  the  control 
siRNA-transfected  cells.  In  contrast,  when  compared  with  vehicle- 
transfected  cells,  ectopic  overexpression  of  p52/46ShcA  aug¬ 
mented  TGF-|3-induced  phosphorylation  of  ERK  (Fig.  6B)  and 
TGF-j3-induced  cell  migration  (Fig.  6 F)  but  repressed  TGF-/3-in- 
duced  phosphorylation  of  Smad2/3  (Fig.  6 B)  and  significantly 
attenuated  TGF-j3-inhibited  cell  growth  (Fig.  6 D).  Thus,  our  data 
suggest  that  ShcA  can  alter  the  role  of  TGF-/3  in  controlling  cellu¬ 
lar  growth  and  migration  by  balancing  its  signaling  between  the 
ERK  and  Smad  pathways.  We  next  asked  whether  TGF-j3-induced 
tyrosine  phosphorylation  of  p52ShcA  by  RI  requires  RII.  There¬ 
fore,  we  knocked  down  RII  in  MCF-10A  cells  by  using  an  RII 
shRNA  and  found  that  the  depletion  of  RII  led  to  the  attenuation  of 
TGF-j3-induced  phosphorylation  of  p52ShcA  and  ERK  (Fig.  6G). 
Additionally,  we  have  previously  shown  that  ectopic  expression  of 
a  DNRII  blocked  TGF-J8  signaling  and  reduced  the  level  of  active 
ERK  in  the  human  MCF-7  breast  cancer  cell  line,  which  contains  a 
high  level  of  autocrine  TGF-J3  activity  (40).  Interestingly,  we  found 
that  this  DNRII-expressing  MCF-7  cell  line  also  has  a  lower  level  of 
the  tyrosine-phosphorylated  p52ShcA  than  the  control  vector- 
transfected  cells  (Fig.  6 FT).  Thus,  our  observations  suggest  that  RII 
is  required  for  the  activation  of  p52ShcA  by  TGF-J3. 

Mutant  p53  Positively  Correlates  with  Activation  of  Smad- 
dependent  Signaling  and  Negatively  Correlates  with  Active 
ShcA/ERK  Signaling  in  Human  Cancer  Cell  Lines  and  Trans¬ 
genic  Mouse  Models — To  further  generalize  our  findings,  we 
tested  the  correlation  among  the  presence  of  mp53,  activation 
of  ShcA/ERK  signaling,  and  Smad-dependent  signaling  in  a 
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FIGURE  4.  Expression  of  MEK-1  or  ShcA  restores  active  ERK  level  and  TGF-/8-induced  ceil  migration.  A,  immunoblotting  analysis  for  the  indicated  gene 
expression  was  assessed  in  PC-3/mp53  cells  72  h  after  transfection  of  an  *MEK-1  expression  plasmid  or  empty  vector.  B,  cell  migration  was  assayed  in 
PC-3/mp53  cells  48  h  after  *MEK-1  transfection.  Cells  were  plated  at  70,000  cells/insert  with  or  without  TGF-/31  (2  ng/ml)  for  1 8  h.  Data  represent  mean  ±  S.E. 
from  three  inserts.  *,  p  <  0.05.  C,  72  h  post-transfection  with  an  empty  vector  or  p52/46ShcA  expression  plasmid,  immunoblotting  analysis  for  the  indicated 
gene  expression  was  performed  in  DU  145  cells  with  or  without  2  ng/ml  TGF-J31  treatment  for  40  min.  D,  cell  migration  was  assessed  in  DU  145  cells  48  h  after 
transfection  of  p52/46ShcA  or  empty  vector.  Cells  were  plated  at  40,000  cells/insert  with  or  without  TGF-J31  (2  ng/ml)  for  18  h.  Data  represent  mean  ±  S.E.  from 
three  inserts.  *,  p  <  0.05.  E,  cell  migration  was  assessed  in  PC-3  cells  48  h  after  transfection  of  p52/46ShcA  or  empty  vector.  Cells  were  plated  at  100,000 
cells/insert  and  treated  with  TGF-J81  (2  ng/ml)  or  U0126  (10  ju,m)  for  18  h.  Data  represent  mean  ±  S.E.  from  three  inserts.  ***,  p  <  0.0001.  T-ERK,  total  ERK; 
T-Smad2/3,  total  Smad2/3.  Error  bars  represent  S.E. 


panel  of  human  breast  and  prostate  cancer  cell  lines,  each 
expressing  varying  p53  mutations,  although  all  mutations  were 
within  the  DNA-binding  domain.  Human  breast  cancer  cell 
lines  BT20  with  p53  K132Q  mutation,  BT474  with  p53  E285K 
mutation  (41),  and  DU145  were  used  in  our  study.  We  also 
included  human  prostate  cancer  cell  line  22Rvl  with  p53 
Q331R  mutation  in  the  dimerization  domain  (42).  mp53  knock¬ 
down  in  those  cell  lines  increased  the  phosphorylation  of 
p52ShcA  and  ERK,  whereas  it  decreased  the  phosphorylation  of 
Smad2  or  Smad3  (Fig.  7 A).  In  mammary  gland  tissues  from 
WTp53+l+,  p53R1 72H/R1 72H  mutant,  or  p53R172P ,R172P  mutant 
(equivalent  to  human  p53  R175H  and  R175P  mutations, 
respectively)  female  mice  on  a  C57BL/6  pun,un  genetic  back¬ 
ground,  we  found  that  the  total  ERK-normalized  phosphoryla¬ 
tion  of  ERK  was  down-regulated,  whereas  the  total  Smad2/3- 
normalized  phosphorylation  of  Smad3  was  up-regulated  in  the 
tissues  bearing  the  mp53  when  compared  with  WTp53-ex- 
pressing  tissues  (Fig.  7 B).  We  also  normalized  the  p-ERK  and 
p-Smad3  expression  levels  with  GAPDH  protein  levels  and 
obtained  a  similar  outcome  (supplemental  Fig.  2A).  The 
p-ShcA  expression  levels  were  undetectable,  and  we  speculated 
that  the  normal  murine  mammary  tissues  might  express  low 
levels  of  p-ShcA  (data  not  shown).  Furthermore,  to  evaluate  the 
correlation  among  mp53,  ShcA/ERK  signaling,  and  Smad  sig¬ 
naling  in  a  more  clinically  relevant  setting,  we  collected  mam¬ 
mary  tumor  tissues  with  WTp53+/+ ,  p53R172H,R172H  mutation, 
or  p53R172H/°  (p53  R172H  heterozygous  with  loss  of  heterozy¬ 


gosity)  on  the  background  of  the  MMT V-Wntl  transgenic 
mice,  a  well  established  model  of  breast  cancer  development 
and  progression.  The  presence  of  mp53  showed  negative  cor¬ 
relation  with  the  active  ShcA/ERK  signaling  and  positive  corre¬ 
lation  with  the  active  Smad-dependent  signaling  (Fig.  7 C  and 
supplemental  Fig.  2B).  These  observations  further  support  the 
conclusion  that  p53  mutation  disrupts  the  role  of  ShcA  in  bal¬ 
ancing  the  Smad-dependent  and  Smad-independent  signaling 
activity  of  TGF-j3. 

DISCUSSION 

The  cross-talk  between  p53  mutation  and  oncogenic  Ras/ 
ERK  signaling  has  been  demonstrated  to  promote  TGF-j3-in- 
duced  cell  migration  and  metastasis  in  certain  breast  cancer 
models  (19).  However,  it  is  still  unclear  whether  mp53  alone  can 
act  as  a  tumor  promoter  and  cause  TGF-j3  signaling  to  become 
oncogenic.  Several  studies  have  revealed  that  the  malignancy 
gained  from  mp53  is  cell  context-dependent  and  controversial 
(24).  For  example,  mp53  can  enhance  the  cell  migration  and 
invasion  via  up-regulation  of  the  epithelial-mesenchymal  tran¬ 
sition  factor  Slug  in  human  non-small  cell  lung  cancer  and 
breast  cancer  cell  lines  (23).  In  contrast,  p53  R312Q  mutation 
does  not  positively  regulate  migration  of  human  endometrial 
cancer  cells  (25).  p53  R175H  mutation  was  shown  to  inhibit  the 
migration  of  the  H1299  lung  cancer  cell  line  when  its  RII  was 
down-regulated  and  TGF-J3/Smad  signaling  was  repressed  (26). 
Here,  we  focused  on  the  p53  DNA-binding  domain  mutations, 
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FIGURE  5.  ShcA  alters  TGF-j8-mediated  Smad  and  ERK  signaling  and  activ¬ 
ity  in  human  cancer  cell.  PC-3  cells  were  transfected  with  a  pan-ShcA  siRNA 
or  a  p52/46ShcA  expression  plasmid  as  shown  in  A  and  6,  respectively.  Sev¬ 
enty-two  hours  post-transfection,  immunoblotting  analysis  for  the  indicated 
gene  expression  was  performed  using  the  transfected  cells  treated  with  or 
without  2  ng/ml  TGF-/31  for  40  min.  C  and  D,  TGF-j31  (2  ng/ml)-induced  cell 
growth  inhibition  was  measured  with  the  MTT  assay  in  cells  72  h  after  trans¬ 
fection.  Data  are  presented  as  the  percentage  of  TGF-j3-induced  inhibition  of 
cell  growth  or  colony  formation  (shown  in  E  and  F)  relative  to  untreated  cells. 
Data  represent  mean  ±  S.E.  from  four  wells.  E  and  F,  soft  agar  colony  forma¬ 
tion  ability  was  assessed  in  cells  24  h  after  transfection.  Cells  were  treated  with 
or  without  2  ng/ml  TGF-J81  for  6  days.  Data  represent  mean  ±  S.E.  from  three 
wells.  Gand  /-/,  cell  migration  was  assessed  in  cells  48  h  after  transfection.  Cells 
were  plated  at  70,000  cells/insert  with  or  without  TGF-/31  (2  ng/ml)  for  1 8  h. 
Data  are  presented  as  the  -fold  change  of  TGF-/3-induced  migration  relative 
to  untreated  cells.  Data  represent  mean  ±  S.E.  from  three  inserts.  *,  p  <  0.05;**, 
p  <  0.01 .  T-ERK,  total  ERK;  T-Smad2/3,  total  Smad2/3.  Error  bars  represent  S.E. 


which  have  been  reported  as  the  majority  of  p53  mutations  in 
human  breast  and  prostate  cancer  cell  lines  (43).  We  found  that 
in  DU145  and  PC-3  human  prostate  cancer  cells  the  endoge¬ 
nous  or  ectopic  expression  of  p53  with  a  point  mutation  in  its 
DNA-binding  domain  does  not  enhance  the  cell  migration  or 
cause  TGF-J3  to  be  more  migration-promoting.  Hence,  our 
results  from  these  models  indicate  that  mp53  alone  does  not 
always  function  as  a  promoter  of  migration  in  already  trans¬ 
formed  cells,  and  its  function  is  likely  context-dependent. 
Indeed,  p53  mutation  has  been  shown  to  occur  relatively  late 
during  multistage  oncogenic  progression  and  often  follows  Ras 
mutation-induced  ERK  signaling  (44).  It  has  been  shown  that 
mp53  works  together  with  oncogenic  Ras  to  induce  the  expres¬ 
sion  of  several  protumorigenesis  and  prometastasis  genes  in 
gene  expression  profiling  studies  (45).  Our  finding  that  mp53 
repressed  the  oncogenic  role  of  TGF-/3  in  the  model  systems  we 
used  suggests  that  additional  signaling  activation  and  genetic 
alterations  such  as  ERK  signaling  activation  and  attenuation  of 
TGF-j3-induced  growth  inhibition  appear  necessary  to  collab- 
oratively  confer  the  tumor-promoting  activity  of  mp53  and 
TGF-J3  during  cancer  progression.  Although  the  sequestration 
of  metastasis  suppressor  p63  by  the  formation  of  an  mp53- 
Smad-p63  ternary  complex  has  been  shown  to  enhance  the 
oncogenic  activity  of  TGF-J3  (19),  an  additional  mechanism 
involving  mp53  but  not  the  formation  of  the  ternary  complex 
has  also  been  shown  to  drive  TGF-j8  to  become  more  tumor- 
promoting  (46).  DU145  cells  are  negative  for  p63  expression 
(47).  Thus,  the  conversion  of  TGF-j3  is  independent  of  the  ter¬ 
nary  complex  formation  in  DU145  cells  with  restored  ShcA/ 
ERK  signaling.  The  presence  of  mp53  repressed  the  basal  level 
of  phosphorylated  p52ShcA  and  also  abolished  the  activation  of 
p52ShcA  by  TGF-J3,  suggesting  that  mp53  could  be  the 
upstream  regulator  of  p52ShcA.  We  speculate  that  the  mecha¬ 
nism  by  which  mp53  down-regulates  the  phosphorylation  of 
p52ShcA  is  perhaps  through  an  aberrant  or  dysregulated  pro¬ 
tein  interaction.  However,  further  investigation  is  needed  to 
elucidate  the  mechanism. 

TGF-J3  receptors  have  been  shown  to  possess  dual  tyrosine 
and  serine  kinase  activity  and  can  directly  tyrosine  phosphoryl- 
ate  ShcA  to  activate  Ras/MAPK  signaling  or  serine  phosphoryl- 
ate  ShcA  with  an  unclear  consequence  (10).  The  same  study 
suggests  that  tyrosine  phosphorylation  of  p66Shc,  the  inhibi¬ 
tory  isoform  of  ShcA,  is  more  dependent  on  RI  in  untrans¬ 
formed  cells.  On  the  other  hand,  it  is  unclear  whether  RI  alone 
is  sufficient  to  induce  tyrosine  phosphorylation  of  p52ShcA.  In 
our  study,  the  depletion  of  RII  in  the  untransformed  human 
breast  cells  attenuated  the  TGF-j3-induced  activation  of  the 
ShcA/ERK  cascade  as  well  as  Smad  signaling.  DNRII  has  the 
intact  extracellular  and  transmembrane  domains  of  the  wild- 
type  RII  and  is  capable  of  forming  a  functional  complex  with 
TGF-J3  and  RI.  By  introducing  this  DNRII  into  a  human  breast 
cancer  cell  line  that  has  autocrine  TGF-j3  activity,  we  found  that 
the  dysfunctional  RII  caused  the  inhibition  of  ShcA/ERK  acti¬ 
vation.  Our  observations  suggest  that  RII  is  required  for  TGF-/3 
to  activate  the  p52ShcA/ERI<  pathway.  It  is  worth  mentioning 
that  other  tyrosine  kinase  receptors  such  as  epidermal  growth 
factor  receptor  and  insulin  receptor  also  have  the  ability  to  tyro¬ 
sine  phosphorylate  p52/46ShcA  and  consequently  activate  Ras/ 
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FIGURE  6.  ShcA  alters  TGF-j3-mediated  Smad  and  ERK  signaling  and  activ¬ 
ity  in  untransformed  human  cells.  MCF-10A  cells  were  transfected  with  a 
pan-ShcA  siRNA  or  a  p52/46ShcA  expression  plasmid  as  shown  in  A  and  6, 
respectively.  Seventy-two  hours  post-transfection,  immunoblotting  analysis 
for  the  indicated  gene  expression  was  performed  using  the  transfected  cells 
treated  with  or  without  2  ng/ml  TGF-J81  for  40  min.  Cand  D,  TGF-/31  (2  ng/ml)- 
induced  cell  growth  inhibition  was  measured  with  the  MTT  assay  in  cells  72  h 
after  transfection.  Data  are  presented  as  the  percentage  of  TGF-j3-induced 
growth  inhibition  relative  to  the  untreated  cells.  Data  represent  mean  ±  S.E. 
from  four  wells.  Eand  F,  cell  migration  was  assayed  in  cells  48  h  after  transfec¬ 
tion.  Cells  were  plated  at  70,000  cells/insert  with  or  without  TGF-J31  (2  ng/ml) 
for  18  h.  Data  are  presented  as  the  fold  change  of  TGF-|3-induced  migration 
relative  to  untreated  cells.  Data  represent  mean  ±  S.E.  from  three  inserts.  *, 
p  <  0.05;  **,  p  <  0.01.  G,  immunoblotting  analysis  of  the  indicated  gene 


ERK  signaling  (48).  We  speculate  that  RI  and  other  tyrosine 
receptors  may  compete  for  available  ShcA.  This  competition 
may  further  influence  the  signaling  strength  of  TGF-J3  between 
Smad  and  ERK  signaling.  Currently,  how  those  pathways  may 
affect  the  Smad-dependent  and  -independent  signaling  of 
TGF-J3  via  p52/46ShcA  is  also  under  investigation. 

The  activation  of  TGF-/3/Smad-dependent  signaling 
requires  the  serine/threonine  kinase  activity  of  RII  and  RI. 
Tyrosine  kinases,  instead  of  serine/threonine  kinases,  have 
been  reported  as  the  catalytic  center  of  RI  in  certain  structural 
features  (49).  Conceivably,  R-Smads  and  ShcA  may  compete  for 
RI  kinase,  and  the  balance  between  the  tyrosine  phosphoryla¬ 
tion  of  ShcA  and  serine  phosphorylation  of  R-Smads  could 
determine  the  signaling  strength  of  TGF-/3  through  the  Smad- 
independent  and  -dependent  pathways,  respectively. 

It  is  well  known  that  TGF-j3-induced  cell  growth  inhibition 
in  epithelial  cells  depends  on  Smad-dependent  signaling  (38, 
39).  Loss  of  Smad4  during  cancer  progression  has  been  shown 
to  contribute  to  the  resistance  of  TGF-j3-inhibited  cell  growth, 
which  is  considered  one  mechanism  for  the  TGF-/3  to  be 
tumor-promoting  (1).  However,  it  is  less  clear  what  other 
mechanistic  biomarkers  can  indicate  the  change  of  TGF-j8  sig¬ 
naling  in  favor  of  tumor  progression  during  tumorigenesis.  Our 
study  showed  that  knockdown  of  ShcA  isoforms  enhanced, 
whereas  overexpression  of  p52/46ShcA  attenuated,  TGF-j3-in- 
hibited  anchorage-dependent  and  independent-growth  of 
tumor  cells,  implicating  ShcA  as  a  negative  mediator  of  TGF- 
j3-induced  tumor  suppression.  For  the  Smad-dependent 
TGF-J3  signaling,  TGF-j3-mediated  cell  cycle  arrest  involves  a 
Smad-dependent  induction  of  cyclin-dependent  kinase  inhibi¬ 
tors  pl5  and  p21.  On  the  other  hand,  the  activation  of  MAPI</ 
ERK  signaling  is  pivotal  for  the  TGF-/3-induced  epithelial-mes¬ 
enchymal  transition  and  cell  migration,  both  of  which  are 
considered  important  steps  of  prometastatic  progression  (1). 
Thus,  it  is  conceivable  that  the  mechanism  by  which  p52/ 
46ShcA  regulates  TGF-/3-induced  cell  migration  or  growth 
inhibition  is  cell  context-dependent.  For  DU145,  PC-3,  and 
MCF-10A  cells,  we  found  that  the  cells  are  sensitive  to  TGF-/3 
as  evidenced  by  the  increased  p-Smad2/3  and  that  manipulat¬ 
ing  ShcA  enhanced  TGF-j3-induced  cell  migration  accompa¬ 
nied  by  increased  TGF-/3/ShcA/ERI<  signaling  and  decreased 
TGF-j3/Smad  signaling.  Because  TGF-j3/Smad-dependent 
stimulation  of  p21  expression  has  been  observed  in  these  cells 
and  p21  was  shown  to  be  up-regulated  by  the  Smad3-FoxO 
Forkhead  transcription  factor  transcriptional  complex  (50),  it  is 
likely  that  the  altered  cell  growth  we  observed  was  due  to  the 
manipulation  of  p52/46ShcA  and  altered  Smad/FOXO/p21 
cascade.  On  the  other  hand,  in  cancer  cells  with  Smad4  muta¬ 
tion  or  aberrant  regulation  of  p21  and/or  pl5,  the  alteration  of 
Smad  signaling  due  to  a  change  in  ShcA  activity  may  not  result 
in  TGF-j3-inhibited  cell  growth. 

It  is  believed  that  p66Shc  A  is  not  involved  in  the  activation 
of  MAPI<  signaling  (51).  In  fact,  p66ShcA  was  shown  to 


expression  was  performed  in  MCF-10A  cells  with  or  without  Rll  knockdown 
after  TGF-/31  treatment  for  40  min.  H,  immunoblotting  analysis  for  the  indi¬ 
cated  gene  expression  was  performed  in  MCF-7  cells  with  or  without  DNRII 
expression.  T-ERK,  total  ERK;  T-Smad2/3,  total  Smad2/3;  T-p52ShcA,  total 
p52ShcA;  con,  control.  Error  bars  represent  S.E. 
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FIGURE  7.  Mutant  p53  correlates  with  higher  level  of  Smad-dependent 
signaling  and  lower  level  of  ShcA/ERK  signaling  in  human  cancer  cell 
lines  and  genetically  altered  mouse  models.  A,  immunoblotting  analysis 
for  the  indicated  gene  expression  was  performed  in  BT-20,  BT474, 22Rv1,and 
DU  145  cells  72  h  after  transfection  of  p53  siRNA  1  or  control  siRNA.  B,  immu¬ 
noblotting  analysis  for  the  indicated  gene  expression  was  performed  in  the 
tissue  lysates  from  mammary  gland  ofp53fi,72H/R,72H pun/un  (p53  R172H;n  =  2) 
and  pS3R,72P/R172P pun/un  (p53  R172P;  n  =  1)  mice  and  the  littermate  p53+/+ 
pun/un  (yyjp53;n  =  5).  The  scatter  plot  figures  under  the  immunoblotsare  the 
total  ERK-normalized  p-ERK  levels  and  the  total  Smad2/3-normalized 
p-Smad3  levels  quantified  with  ImageJ  software.  C,  immunoblotting  analysis 
for  the  indicated  gene  expression  was  performed  in  the  tissue  lysates  from 
mammary  tumors  of  MMTV-Wnt1-WTp53+,+  (WTp53;  n  =  8),  MMTV-Wnf  1- 
p53pl 72H/RU2H  (p53  r172h/H;  n  =  4),  and  M  MTV- H/nf  7 -p53R,72H/°  (p53 
R1 72H/0;n  =  4)  mice.  The  scatter  plot  figures  under  the  immunoblotsare  the 
total  p52ShcA-normalized  p-p52ShcA  levels,  total  ERK-normalized  p-ERK  lev¬ 
els,  and  the  total  Smad2/3-normalized  p-Smad3  levels  for  each  sample  quan¬ 
tified  with  ImageJ  software.  *,  p  <  0.05.  T-ERK,  total  ERK;  T-Smad2/3,  total 
Smad2/3;  T-p52ShcA,  total  p52ShcA. 


antagonize  ERK  activation  via  negative  regulation  of  c -fos 
promoter  activity  (52)  and  to  be  mainly  involved  in  oxidative 
stress  signaling  (53).  Additionally,  the  role  of  p66ShcA  in 
tumor  metastasis  is  controversial  (54,  55).  Therefore,  the 
reduction  of  the  p-ERK  level  after  ShcA  knockdown  with  the 
pan-ShcA  siRNA  was  likely  due  to  the  depletion  of 
p52/46ShcA. 

Consistent  with  a  previous  study  demonstrating  that 
knockdown  of  ShcA  or  a  dominant-negative  form  of  ShcA 
inhibited  TGF-/3-induced  cell  migration  and  invasion  of 
murine  breast  cancer  cells  bearing  activated  Neu/ErbB-2 
receptor  (56),  our  study  showed  that  ShcA  depletion-caused 
down-regulation  of  ERK  signaling  resulted  in  the  attenua¬ 
tion  of  TGF-/3-induced  cell  migration  in  human  untrans¬ 
formed  and  transformed  cells.  On  the  other  hand,  we  found 
that  increased  ShcA/ERK  signaling  augmented  TGF-j3-in- 
duced  cell  migration.  We  further  showed  that  in  DU145  cells 
the  restored  activation  of  p52/46ShcA/ERI<  signaling  com¬ 
pletely  switched  the  role  of  TGF-/3  from  suppression  to  pro¬ 
motion  of  cell  migration.  ERK  signaling-induced  cell  migra¬ 
tion  is  a  key  sign  of  tumor  progression  (9);  therefore,  our 
results  provide  a  novel  concept  that  the  ShcA/ERK  pathway 
acts  as  a  pivotal  driver  of  the  oncogenic  role  of  TGF-J3.  In  an 
unpublished  study,3  we  found  that  knockdown  of  Smad4  in 
MCF-10A  cells  moderately  reduced  TGF-j3-induced  cell 
migration  in  comparison  with  control  siRNA-transfected 
cells,  indicating  that  Smad-dependent  signaling  partially 
contributes  to  TGF-j3-induced  cell  migration.  Here,  we 
showed  that  the  ShcA-mediated  increase  of  TGF-j3-induced 
migration  was  in  the  presence  of  down-regulated  Smad  sig¬ 
naling.  These  observations  suggest  that  ShcA-enhanced  ERK 
signaling  appears  to  play  a  dominant  role  in  TGF-|3-induced 
cell  migration.  Thus,  the  down-regulation  of  p-Smad2/3  is 
not  likely  necessary  for  the  ShcA/ERK  signaling-mediated 
increase  of  TGF-j3-induced  migration. 

In  our  study,  we  found  that  mp53  positively  correlates  with 
phosphorylation  of  R-Smads,  whereas  it  negatively  correlates 
with  phosphorylation  of  p52ShcA  and  ERK  in  a  panel  of 
mp53-expressing  breast  and  prostate  cancer  cell  lines  as  well 
as  in  mp53  mouse  models.  We  demonstrated  that  ShcA 
tipped  the  balance  of  the  role  of  TGF-j3  in  tumor  progression 
as  evidenced  by  enhanced  migration  and  attenuated  prolif¬ 
eration  in  the  presence  of  TGF-/3.  The  earlier  clinical  studies 
reported  that  high  levels  of  tyrosine-phosphorylated  p52/ 
46Shc  in  primary  tumors  might  actually  identify  patients 
with  malignant  breast  tumors  (17,  18).  Increased  levels  of 
TGF-j3  are  also  positively  related  to  poor  outcome  of  human 
cancer  (1).  Our  finding  that  overexpression  of  ShcA 
enhanced  the  tumor-promoting  activity  of  TGF-/3  provides 
insight  in  linking  these  two  biomarkers  to  the  disease  out¬ 
come.  In  the  preclinical  models,  we  and  others  have  shown 
that  anti-TGF-j3  therapies  are  potent  in  treating  cancer  in 
which  TGF-/3  functions  as  a  tumor  promoter  (3-5).  How¬ 
ever,  the  lack  of  knowledge  about  when  TGF-j3  is  switched 
from  a  tumor  suppressor  to  a  tumor  promoter  is  a  major 


3  S.  Lin,  L.  Yu,  J.  Yang,  and  L.-Z.  Sun,  unpublished  data. 
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obstacle  for  the  utility  of  TGF-/3  antagonists  for  treating 
metastatic  carcinomas.  Thus,  our  study  indicates  that  the 
TGF-/3-dependent  increase  of  tyrosine-phosphorylated  p52/ 
46ShcA  may  be  a  promising  biomarker  for  an  effective  anti- 
TGF-/3  cancer  therapy.  Biomarkers  identified  by  this  type  of 
research  may  help  cancer  patients  benefit  from  anti-TGF-/3 
therapy  in  blocking  tumor  progression  in  the  future. 
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Myelodysplastic  syndrome  is  a  complex  family  of  preleukemic  diseases  in  which  hematopoietic 
stem  cell  defects  lead  to  abnormal  differentiation  in  one  or  more  blood  lineages.  Disease 
progression  is  associated  with  increasing  genomic  instability  and  a  large  proportion  of 
patients  go  on  to  develop  acute  myeloid  leukemia.  Primarily  a  disease  of  the  elderly,  it  can 
also  develop  after  chemotherapy.  We  have  previously  reported  that  CREB  binding  protein 
(Crebbp)  heterozygous  mice  have  an  increased  incidence  of  hematological  malignancies,  and 
others  have  shown  that  CREBBP  is  one  of  the  genes  altered  by  chromosomal  translocations 
found  in  patients  suffering  from  therapy-related  myelodysplastic  syndrome.  This  led  us  to 
investigate  whether  hematopoietic  tumor  development  in  Crebbp*1  ~  mice  is  preceded  by 
a  myelodysplastic  phase  and  whether  we  could  uncover  molecular  mechanisms  that  might 
contribute  to  its  development.  We  report  here  that  Crebbp*' ~  mice  invariably  develop  myelo- 
dysplastic/myeloproliferative  neoplasm  within  9  to  12  months  of  age.  They  are  also  hypersen¬ 
sitive  to  ionizing  radiation  and  show  a  marked  decrease  in  poly(ADP-ribose)  polymerase-1 
activity  after  irradiation.  In  addition,  protein  levels  of  XRCC1  and  APEX1,  key  components 
of  base  excision  repair  machinery,  are  reduced  in  unirradiated  Crebbp*' ~  cells  or  upon  tar¬ 
geted  knockdown  of  CREBBP  levels.  Our  results  provide  validation  of  a  novel  myelodysplas- 
tic/myeloproliferative  neoplasm  mouse  model  and,  more  importantly,  point  to  defective  repair 
of  DNA  damage  as  a  contributing  factor  to  the  pathogenesis  of  this  currently  incurable 
disease.  ©  2012  ISEH  -  Society  for  Hematology  and  Stem  Cells.  Published  by  Elsevier  Inc. 


Myelodysplastic  syndromes  (MDS)  is  a  complex  family  of 
preleukemic  diseases  in  which  hematopoietic  stem  cell 
(HSC)  defects  lead  to  abnormal  differentiation  in  one  or 
more  blood  lineages.  Disease  progression  is  associated 
with  increasing  genomic  instability  and  a  large  proportion 
of  patients  go  on  to  develop  acute  myeloid  leukemia 
(AML)  (reviewed  in  [1]).  Primarily  a  disease  of  the  elderly, 
MDS/AML  can  also  develop  after  treatment  with  alkylating 
agents,  radiation,  and  topoisomerase  II  inhibitors  [2,3].  The 
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poor  outcomes  and  increasing  incidence  of  MDS,  due  to  an 
aging  population  and  increasing  numbers  of  cancer  survi¬ 
vors,  motivated  our  efforts  to  better  understand  the  patho¬ 
genesis  of  this  disease. 

Studies  in  marrow  or  blood  cells  from  patients  suffering 
from  AML  or  myeloproliferative  neoplasms  (MPNs) 
suggest  that  inadequate  DNA  repair  may  play  an  important 
role  in  the  etiology  of  these  diseases.  It  has  been  shown  that 
some  of  the  frequently  observed  genomic  aberrations  in 
these  diseases  [4-7]  cause  excessive  DNA  damage  by 
increasing  the  production  of  reactive  oxygen  species  and/ 
or  usage  of  alternative,  error-prone  DNA  repair  pathways. 
This  mechanism  of  genomic  instability,  or  mutator  pheno¬ 
type,  as  proposed  by  Loeb  [8],  explains  why  progression 
of  many  of  these  diseases  is  associated  with  increasing 
genetic  abnormalities.  MDS  patient  samples  have  been 
less  extensively  investigated  in  this  context;  however, 
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increased  oxidative  DNA  damage  has  been  observed  in 
blood  cells  from  MDS  patients  [9,10]  and  DNA  repair  defi¬ 
ciencies  have  been  demonstrated  in  MDS  patients  with 
a  high  risk  of  progressing  toward  leukemia  [9,11].  More¬ 
over,  children  suffering  from  diseases  due  to  mutated  genes 
essential  for  DNA  repair,  such  as  Fanconi  anemia  [12], 
Bloom  disease  [13,14],  and  Rothmund-Thomson  syndrome 
[15,16],  have  an  increased  risk  of  developing  MDS. 

CREB  binding  protein  (CREBBP)  interacts  with  DNA 
damage  response/repair  proteins,  such  as  TP53  [17,18]  and 
BRCA1  [19],  among  others,  to  enhance  their  function. 
CREBBP  also  helps  remodel  chromatin  through  its  histone 
acetyltransferase  activity,  thereby  facilitating  DNA  repair 
[20,21].  Finally,  CREBBP  modulates  the  activity  of 
poly(ADP-ribose)  polymerase- 1  (PARP1),  an  accessory 
factor  in  transcriptional  regulation  and  base-excision  repair 
(BER)  (reviewed  in  [22]).  Because  the  amount  of  CREBBP 
is  dose-limiting  within  the  cell  [23,24],  a  decrease  in  its  avail¬ 
ability  is  likely  to  impair  its  ability  to  enhance  DNA  repair. 

We  previously  reported  that  ~  40%  of  Crebbp  heterozy¬ 
gous  mice  develop  hematological  malignancies  [25]  and 
others  have  shown  that  CREBBP  is  one  of  the  genes 
involved  in  chromosomal  translocations  found  in  patients 
suffering  from  therapy-related  MDS  [26].  We  now  report 
that  Crebbp+,~  mice  invariably  develop  MDS/MPN  within 
9  to  12  months  of  age  and  are  hypersensitive  to  y-radiation. 
Mechanistically,  we  find  a  marked  decrease  in  PARP1 
activity  upon  exposure  to  ionizing  radiation  and  a  reduction 
of  key  BER  proteins  in  progenitor  and  stem  cell-enriched 
bone  marrow  (BM),  suggesting  deficient  DNA  repair  as 
a  contributing  factor  to  their  disease. 


Material  and  methods 

Mice 

Crebbp+,~  mice  [25]  were  fully  backcrossed  onto  a  C57BL/6 
background.  Wild-type  (WT)  littermates  served  as  controls. 
Mice  were  bred  and  maintained  under  microisolator  conditions 
at  the  animal  facility  of  University  of  Texas  Health  Science  Center 
at  San  Antonio.  All  animal  procedures  were  in  accordance  with 
University  policies  regarding  animal  care  and  use. 

Total  body  irradiation  ( TBI )  and  survival  analysis 
WT  and  Crebbp+/~  mice  (3-  to  6-month-old)  received  a  total  dose 
of  10  or  11  Gy  (90-100  cGy/min  from  a  Co60  source  (Theratron 
T-780  unit;  Atomic  Energy  of  Canada  Limited,  Chalk  River, 
Ontario,  Canada),  delivered  as  two  equal  doses  of  5  or  5.5  Gy, 
respectively,  5  hours  apart.  Kaplan-Meier  curves  and  log  rank 
survival  statistics  were  generated  using  the  R-project  survival 
package  [27,28]. 

Blood  analysis,  histology,  flow  cytometry,  and  in  vitro 
methylcellulose  assays 

Standard  techniques  were  used.  See  Supplementary  Materials  and 
Methods  for  details  (online  only,  available  at  www.exphem.org). 


Short  hairpin  RNA  (shRNA)  knockdown  of  CREBBP  in  EML1 
cells 

A  lentivirus-encoded  shRNA  targeting  the  sequence  5'-CAAG 
CACTGGGAATTCTCT-3'  from  mouse  Crebbp  was  created  by 
cloning  oligonucleotides  into  the  FSIPPW  vector  as  described  previ¬ 
ously  [29].  A  lentivirus  targeting  enhanced  green  fluorescent  protein 
(5'-AAGAACGGCATCAAGGTGAACTT-3')  was  used  as  a  control. 
Both  were  packaged  as  described  previously  [30].  Cotransfection  of 
293TD  cells  was  performed  using  lipofectamine  2000  as  per  manu¬ 
facturer’s  instructions  (Invitrogen,  Carlsbad,  CA,  USA). 

EML1  cells  (CRL-1 1691;  ATCC,  Manassas,  VA,  USA)  [31], 
were  cultured  in  Iscove’s  modified  Dulbecco’s  medium  supple¬ 
mented  with  20%  fetal  bovine  serum  (StemCell  Technologies, 
Vancouver,  BC,  Canada)  and  recombinant  murine  stem  cell  factor 
(100  ng/mL;  R&D  Systems,  Minneapolis,  MN,  USA)  and  were 
never  carried  for  more  than  3  months.  Undifferentiated  EML1 
cells  were  split  1  day  before  infection.  Virus-containing  superna¬ 
tant  supplemented  with  8  pg/mL  protamine  was  added  to  the  cells 
and  left  until  a  complete  medium  change  the  next  morning.  At  the 
end  of  day  2,  another  round  of  infection  was  performed  using 
a  flow-through  infection  protocol,  as  described  previously  [32]. 
On  day  3,  infected  cells  were  selected  in  puromycin  (3  pg/mL). 
EML1  cells  were  cloned  in  methylcellulose-based  medium 
(M3234,  StemCell  Technologies)  and  expanded  in  liquid  medium. 

Gene  expression  and  network  analysis 

Total  RNA  was  isolated  in  two  independent  experiments  from 
HSCs  sorted  from  WT  and  Crebbp+,~  day  14.5  fetal  livers  as 
described  in  the  Supplementary  Material  and  Methods  (online 
only,  available  at  www.exphem.org).  For  each,  12  ng  were  ampli¬ 
fied,  in  duplicate,  using  the  Ovation  RNA  Amplification  Kit 
(NuGen  Technologies,  Inc.,  San  Carlos,  CA,  USA)  and  hybridized 
to  Affymetrix  Gene  Chip  Mouse  Genome  430  2.0.  Data  files  are 
MIAME-compliant  and  available  from  the  Gene  Expression 
Omnibus  (accession  GSE 18061).  Arrays  were  normalized,  cor¬ 
rected  for  background  and  analyzed  using  R  and  the  Bioconductor 
gcrma  package  [27,33].  After  averaging  technical  replicates,  litter- 
paired  f-tests  with  p  values  <0.05  and  a  fold-change  >1.5  were 
used  as  the  cutoff  for  calling  significant  change.  Quantitative 
reverse  transcription  polymerase  chain  reaction  for  two  genes  on 
three  independent  samples  were  consistent  with  the  microarray 
results  ( Klf6  average  ±  standard  deviation:  on  microarray  = 
1.8  ±  0.0,  by  quantitative  reverse  transcription  polymerase  chain 
reaction  =  2.8  ±  1.4;  Tcf4  average  ±  standard  deviation  on 
microarray  =  1.1  ±  0.03,  by  quantitative  reverse  transcription 
polymerase  chain  reaction  =  1.1  ±  0.09).  To  generate  protein 
interaction  networks  (PINs),  murine  genes  were  mapped  via  the 
National  Center  for  Biotechnology  Information  HomoloGene 
database  (May  2009)  to  their  human  homologs  (Supplementary 
Table  El;  online  only,  available  at  www.exphem.org).  The  human 
proteins  were  used  to  retrieve  direct  binding  partners  from  the 
human  interactome  [34],  where  both  binding  partners  were  called 
"present”  by  Affymetrix  MAS5  (Bioconductor  ajfy  package  im¬ 
plementation  [35])  in  at  least  one  sample,  resulting  in  a  reference 
“HSC  PIN"  of  4,237  proteins  and  14,704  interactions.  Similarly, 
the  93  distinct  genes  we  found  significantly  altered  in  Crebbp+/~ 
HSCs  relative  to  WT  corresponded  to  39  human  homologs  that 
were  represented  in  the  HSC  PIN.  Together,  these  39  proteins 
and  their  direct  interactors  comprise  the  Crebbp-taigel  PIN  of 
258  proteins  and  257  interactions.  Cytoscape  [36]  was  used  to 
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visualize  the  resulting  networks  and  its  BinGO  plugin  [37]  to 
determine  Gene  Ontology  (GO)  annotation  enrichment.  We  used 
our  HSC  PIN  as  the  background  for  enrichment  with  a  p  value 
<0.01  as  cutoff. 

Protein  extracts 

Peripheral  blood  (PB)  cells  were  obtained  from  more  than  three 
mice  and  pooled.  Leukocytes  were  irradiated  with  6  Gy  (1  Gy/ 
min)  using  a  Gammacell  40  Cesium  Unit  (Atomic  Energy  of 
Canada  Limited).  Postirradiation  cells  were  either  put  on  ice  directly 
or  incubated  for  various  times  at  37°  C  to  allow  DNA  repair  to  occur. 
Cells  were  lyzed  in  RIPA  buffer  for  CREBBP  Westerns  or  in  NaCl 
lysis  buffer  (0.1  M  NaCl,  50  mM  Tris-HCl  [pH  7.2],  1  mM  dithio- 
threitol)  containing  phosphatase  and  protease  inhibitors  in  other 
cases.  After  lysis,  CREBBP  and  PARP1  samples  were  centrifuged 
at  1 4,000  rpm  for  1 0  minutes  at  4°  C  and  supernatant  protein  concen¬ 
trations  determined  by  BCA  protein  assays  (Pierce,  Rockford,  IL, 
USA).  For  BER  protein  Westerns,  lysates  were  passed  five  times 
through  a  QIAshredder  homogenizer  (Qiagen,  Valencia,  CA, 
USA),  then  centrifuged  at  16,000  ref  for  10  minutes  at  4°C  and 
the  supernatants  concentrated  for  40  minutes  at  14,800  ref  in 
Amicon  Ultra-0.5  filter  devices  (Millipore,  Billerica,  MA,  USA). 
After  concentration,  the  protein  lysates  were  diluted  1:1  with  a  10 
mM  Tris-HCl  (pH  7.5),  1  mM  EDTA,  1  mM  dithiothreitol,  20% 
glycerol  solution,  and  protein  concentrations  determined  by  Brad¬ 
ford  assays  (Sigma,  St  Louis,  MO,  USA). 

Western  blots 

Equal  amounts  of  protein  extract  were  separated  on  12%  Bis-Tris 
gels  and  transferred  to  nitrocellulose  membranes  (Invitrogen). 
Primary  antibodies  used:  CREBBP  (AC26  [38]),  XRCC1  (Santa 
Cruz  Biotechnology,  Inc.,  Santa  Cruz,  CA,  USA)  and  from  Abeam, 
Cambridge,  MA,  USA:  ACTB,  LIG1,  POLB,  APEX1,  TRP53, 
phospho-TRP53  (Seri 5),  PARP1.  They  were  visualized  with  horse¬ 
radish  peroxidase-coupled  secondary  antibodies  (Cell  Signaling, 
Danvers,  MA,  USA)  and  ECL  Plus  solution  (Amersham,  Piscat- 
away,  NJ,  USA)  and  quantified  with  densitometry  using  Image  J 
software  (National  Institutes  of  Health,  Bethesda,  MD,  USA). 

PARP1  activity  assay 

PARP1  activity  in  protein  extracts  from  PB  and  BM  (200  ng/25  pL), 
or  EML1  cells  (400  ng/25  pL)  was  measured  using  the  HT  Color¬ 
imetric  PARPl/Apoptosis  Assay  Kit  (Trevigen,  Gaithersburg,  MD, 
USA)  following  manufacturer’s  instructions.  The  absorbance  of  the 
colorimetric  substrate  was  read  at  450  nm  on  a  Spectramax  M5 
spectrophotometer  (Molecular  Devices,  Sunnyvale,  CA,  USA). 

Statistical  analysis 

Unless  otherwise  indicated.  Excel  (Microsoft,  Redmond,  WA, 
USA)  was  used  to  perform  f-tests.  The  R  stats  package  [27] 
was  used  for  the  paired  condition  and  time-series  r-test  and  the 
Kolmogorov-Smirnov  distribution  test.  In  all  cases,  p  values 
<0.05  were  considered  statistically  significant. 


Results 

Myelodysplastic  features  of  Crebbp+/~  mice 
To  determine  whether  Crebbp+/~  mice  might  harbor  previ¬ 
ously  undetected  MDS,  we  compared  the  hematopoietic 


system  of  3-  to  4-month-old  and  9-  to  12-month-old 
Crebbp+/~  mice  with  that  of  age-matched  WT  controls. 
The  number  of  cells  harvested  from  two  femurs  was  similar 
for  both  age  groups  and  genotypes  (Fig.  1  A),  but  Crebbp+/~ 
mice  were  significantly  smaller  by  weight  than  their  WT 
counterpart  (Fig.  IB).  When  BM  cellularity  was  corrected 
for  weight,  we  found  that  the  marrow  of  Crebbp+/  mice 
was  significantly  more  cellular  than  WT  (Fig.  1C).  At 
both  ages,  a  mild  but  significant  splenomegaly  was  also 
observed  in  Crebbp 4 7  mice  (Fig.  ID). 

This  marrow  hypercellularity  was  not  accompanied  by 
an  increase  in  the  number  of  colony-forming  cells 
(CFCs).  On  the  contrary,  9-  to  12-month-old  Crebbp+/~ 
mice  had  significantly  fewer  CFCs  in  their  marrow  than 
WT  mice,  most  notably  granulocytic  and  monocytic 
CFCs  (Fig.  IE).  No  significant  differences  were  detectable 
between  young  Crebbp+/~  and  WT  mice  (data  not  shown). 
A  decrease  in  the  numbers  of  myeloid  CFCs  in  the  context 
of  an  overall  increase  in  BM  cellularity  and  splenomegaly 
is  indicative  of  abnormal  myeloid  differentiation. 

Histological  examination  of  blood  smears  and  BM  prep¬ 
arations  revealed  distinct  dysplastic  features  [39,40]  of 
Crebbp+/~  blood  cell  differentiation  (Fig.  2),  including 
hypersegmented  granulocytes  (Fig.  2B;  55%  of  9-  to  12- 
month-old  mice)  and  leukocytes  with  a  pseudo  Pelger- 
Huet  anomaly  (Fig.  2C;  22%).  Crebbp+/~  BM  preparations 
confirmed  the  hypercellularity  and  showed  an  increased 
myeloid  to  erythroid  ratio,  mostly  due  to  an  excess  of 
mature  granulocytes  (Fig.  2E).  More  than  half  of  the  9-  to 
12-month-old  Crebbp+/~  mice  exhibited  either  increased 
numbers  of  megakaryocytes  or  abnormal  forms  such  as  hy- 
perlobulated  cells  (Fig.  2F)  or  naked  nuclei  (Fig.  2G). 

Unlike  older  mice,  3-  to  4-month-old  Crebbp+/~  mice 
displayed  none  of  these  characteristics;  interestingly, 
however,  2  of  14  young  animals  examined  had  small  clus¬ 
ters  of  immature  cells  in  the  center  of  the  marrow  space 
(Fig.  2H  and  inset).  This  atypical  localization  of  immature 
precursors  is  indicative  of  very  early  stages  of  myelodys¬ 
plastic  hematopoiesis  and  possibly  the  onset  of  leukemia. 
Another  common  finding  in  MDS,  particularly  in  its  early 
stages,  is  an  increase  in  apoptosis  in  marrow  progenitors 
(reviewed  in  [1]).  Consistent  with  this,  Figure  21  shows 
a  significant  increase  in  Annexin  V+  cells  in  the  lineage- 
depleted  (Lin“)  fraction  of  marrow  enriched  for  stem  and 
progenitor  cells  but  not  in  whole  BM. 

Altered  numbers  of  HSC s  and  myeloid  progenitors  in 
Crebbp+/~  mice 

Fluorescence-activated  cell  sorting  analysis  at  3  to  4 
months  of  age  showed  that  the  only  significant,  albeit  small, 
difference  in  hematopoietic  cell  populations  between 
Crebbp+I~  and  WT  mice  was  an  increased  proportion  of 
Gr-l'°Mac-l++  myeloid  cells  in  the  BM  (15.3%  ±  2.4% 
vs  12.7%  ±  1.3%;  p  =  0.015).  By  9  to  12  months  of 
age,  however,  the  frequency  of  long-term  HSCs  was 
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Figure  1.  Hypercellularity,  mild  splenomegaly,  and  low  CFC  counts  in  Crebbp+/~  mice  (A)  Number  of  BM  cells  in  two  femurs  (x  106)  and  (B)  body  weights 
of  3-  to  4-  or  9-  to  12-month-old  mice,  as  indicated.  (C)  Relative  BM  cellularity  and  (D)  spleen  size  (in  mg)  corrected  for  body  weight  (g).  (E)  Number  and 
type  of  colony-forming  units  (CFU)  from  an  input  of  1  x  104  BM  cells  from  9-  to  12-month-old  mice.  Bars  represent  average  (±  standard  deviation).  Seven  to 
10  animals  were  used  per  group.  Significant  differences  are  indicated  by  p  values. 
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Figure  2.  Histopathology  and  Annexin  V  staining  of  WT  and  Crebbp+/~  animals.  (A-C)  Wright-stained  PB  cells  from  9-  to  12-month-old  mice.  (A)  WT 
control.  (B,  C)  Crebbp+/~  blood  smears  showing  hypersegmented  granulocytes  (i.e.,  granulocytes  with  more  than  six  segments  of  irregular  size)  (B,  inset) 
and  (C)  a  pseudo  Pelger-Huet  anomaly.  (D-H)  Bone  sections  from  9-  to  12-month-old  mice.  (D)  WT  control.  (E-H)  Crebbp+I~  sections.  (E)  Hypercellular 
marrow  and  an  increased  myeloid  to  erythroid  ratio  due  to  increased  mature  granulocytes,  particularly  near  the  bony  trabeculae.  (F,  G)  Abnormal  megakaryo- 
cytic  differentiation  with  hyperlobulated  megakaryocytes  (F,  arrow  and  inset)  and  naked  megakaryocytic  nuclei  (G,  arrow  and  inset).  (H,  and  inset)  Clusters  of 
immature  precursor  cells  present  in  the  middle  of  the  marrow  cavity.  Magnification:  40  x  (A.  B,  D-H),  60  x  (C).  (I)  Quantification  of  apoptosis  by  Annexin  V 
staining  of  whole  (WBM)  and  lineage-depleted  (Lin-)  bone  marrow  isolated  from  WT  and  Crebbp+I~  mice  (n  =  7).  p  value  indicated  where  significant. 


significantly  lower  in  Crebbp+,~  BM  compared  to  control 
(Fig.  3A),  resulting  in  ~  2-fold  fewer  long-term  HSCs  per 
femur  (2300  ±  1100  vs  4400  ±  1900,  respectively;  p  = 
0.007).  These  mice  also  showed  a  decrease  in  common 
myeloid  progenitors  and  an  expansion  of  granulocyte/ 
macrophage  progenitors  (Fig.  3B).  No  differences  between 
Crebbp+,~  and  WT  mice  were  found  with  respect  to  ntega- 
karyocyte/erythroid  progenitors  (Fig.  3B)  or  common 
lymphoid  progenitors  (Fig.  3C). 

Because  primitive  BM  progenitors  represent  only  a  very 
small  proportion  of  the  total  BM  content,  the  expansion  of 
granulocyte/macrophage  progenitors  alone  cannot  explain 
the  greater  marrow  cellularity  observed  in  the  older 
Crebbp+,~  mice  relative  to  controls.  Moreover,  histological 
analysis  suggested  that  the  difference  was  due  to  an 
increase  in  mature  myeloid  cells  in  the  marrow  (Fig.  2E). 


Indeed,  relative  to  controls,  Crebbp+/~  marrow  contained 
significantly  more  Gr-l'°Mac-l+/+  and  Gr-1  l  /+Mac-l+/+ 
myeloid  cells  (Fig.  4A).  Concurrent  PB  cell  analysis  of  9- 
to  12-month-old  mice  by  fluorescence-activated  cell  sorting 
(Fig.  4B)  and  complete  blood  count  (Fig.  4C)  showed 
a  significant  increase  in  granulocytes,  while  the  lymphoid 
cell  compartment  contracted.  In  contrast,  total  leukocyte, 
erythrocyte,  and  platelet  numbers  measured  by  complete 
blood  count  were  similar  to  age-matched  controls  (data 
not  shown).  By  1  year  of  age,  the  relative  number  of 
myeloid  cells  had  therefore  significantly  increased  in 
Crebbp+'~  mice  at  the  expense  of  lymphoid  cells. 

Taken  together,  the  hematopoietic  characteristics  of  9-  to 
12-month-old  Crebbp+/~  mice  are  clearly  different  from 
those  found  in  Crebbp+/~  mice  suffering  from  myeloid 
leukemia,  as  described  previously  [25]  and  shown  in 
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Figure  3.  Abnormal  numbers  of  HSCs,  common  myeloid  progenitors,  and  granulocyte/macrophage  progenitors  in  Crebbp+,~  mice.  (A-C)  Left  and  middle 
panels  depict  the  sorting  strategy  used  for  each  BM  population,  and  bar  graphs  on  the  right  show  average  percentages  (±standard  deviation)  for  the  corre¬ 
sponding  cell  population(s).  (A)  Long-term  HSCs  (LT-HSCs)  are  selected  from  mature  lineage  marker-negative  (Lin-)  c-Kit++Sca-l+  cells  (rightmost  sort¬ 
ing  gate  of  the  dot  plot)  that  are  also  CD34-  (histogram).  (B)  Immature  myeloid  progenitors  are  identified  by  separating  Lin  Sea- 1  c-  Kit  BM  cells  on  the 
basis  of  CD16/32  and  CD34  expression  as  shown.  (C)  Common  lymphoid  progenitors  (CLPs)  are  purified  from  whole  BM  (WBM)  based  first  on  expression 
of  interleukin-7R  but  not  of  other  mature  lineage  markers.  Cells  in  the  sorting  gate  of  the  dot  plot  are  then  further  analyzed  for  c-Kit  and  Sea- 1  expression 
(contour  plot).  CLPs  are  c-Kit+  Sea- 1  (intermediate)  cells.  Significant  differences  are  indicated  by  p  values  with  9  to  12  mice  used  in  each  analysis. 


Supplementary  Figure  El  (online  only,  available  at  www. 
exphem.org).  These  features  are  reminiscent  of  human 
MDS,  most  consistent  with  MDS/MPN  according  to  the 
current  World  Health  Organization  classification  [41]. 

Changes  in  apoptosis  and  DNA  damage  repair  pathways 
predicted  by  expression  profiling  of  Crebbp+/~  HSCs 
As  MDS  is  considered  a  stem  cell  disease,  we  compared 
gene  expression  profiles  of  Crebbp+/~  and  WT  HSCs  in 
the  hope  of  uncovering  molecular  mechanisms  that  might 
be  at  its  root.  We  chose  to  isolate  HSCs  from  fetal  livers 
because  at  this  stage  there  were  no  overt  differences  between 
Crebbp+/~  and  WT  hematopoiesis  (data  not  shown).  Any 
differences  in  gene  expression  found  in  Crehbp  /  fetal  liver 
HSCs  would  thus  more  likely  reflect  the  initially  altered 
genetic  program  of  HSC  regulation  as  opposed  to  adaptation 
to  a  compromised  or  failing  hematopoietic  system. 


GO  annotation  analysis  of  the  protein-coding  genes 
differentially  expressed  in  Crebbp+/~  HSCs  (Supplementary 
Table  El;  online  only,  available  at  www.exphem.org)  showed 
little  enrichment  in  any  particular  pathway  or  process. 
However,  it  has  been  shown  that  PINs  can  be  used  to  predict 
loss-of-function  phenotypes  through  so-called  “guilt  by  associ¬ 
ation”  [42].  Because  there  is  better  coverage  of  the  human  than 
of  the  murine  interactome,  we  generated  a  reference  PIN  con¬ 
sisting  of  human  proteins  corresponding  to  all  genes  expressed 
in  fetal  liver  HSCs  (HSC  PIN)  and  assumed  that  key  hemato¬ 
poietic  pathways  and  processes  are  preserved  in  both  species. 
We  next  generated  a  CREBBP  PIN  nucleated  by  the  human 
homologs  of  genes  differentially  expressed  in  Crebbp+/~  fetal 
liver  HSCs  relative  to  WT  (“seed  proteins,”  Fig.  5A  larger 
nodes)  and  their  coexpressed,  direct  binding  partners 
(Fig.  5A,  smaller  nodes).  By  comparing  the  HSC  and  CREBBP 
PINs,  we  sought  to  identify  pathways  that  might  be  altered  by 
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Figure  4.  Increased  mature  myeloid  cells  in  the  BM  and  PB  of  Crebbp+I~  mice.  (A,  B)  Representative  fluorescence-activated  cell  sorting  a  profiles  of  WT 
(left)  and  Crebbp+,~  cells  (middle)  immunostained  for  Mac-1  and  Gr-1  expression.  Right  panels  show  average  percentages  (±  standard  deviation  [SD])  from 
profiles  of  five  to  eight  mice  for  the  indicated  cell  populations.  (A)  Identification  of  granulocytes  (Mac-1++Gr-1++,  right  gate)  and  more  immature  myeloid 
cells  (Mac-1++Gr_ll0  cells,  left  dot  plot  gate)  in  BM.  (B)  Identification  of  granulocytes  (as  indicated  by  the  gate)  in  PB.  (C)  Average  proportion  (±SD)  of 
lymphocytes  (LYMPH),  granulocytes  (GRAN),  and  monocytes  (MONO)  in  PB  measured  by  complete  blood  count  (n  =  16-17).  In  all  bar  graphs,  significant 
differences  are  indicated  by  p  values. 
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“guilty”  interactions  between  the  primary  CREBBP  target 
genes  and  other  HSC-expressed  proteins. 

GO  term  enrichment  analysis  of  the  CREBBP  PIN  iden¬ 
tified  two  interesting  pathways  significantly  enriched  above 
the  HSC  PIN  background.  First,  28  proteins  were  annotated 
to  the  GO  term  programmed  cell  death  (G0:0012501;  black 
and  green  nodes  in  Fig.  5  A  and  Supplementary  Table  E2  [on¬ 
line  only,  available  at  www.exphem.org],  p  =  5  x  10-3).  Of 
those,  20  were  annotated  to  the  more  specific  term  positive 
regulation  of  apoptosis  (G0:0043065).  Second,  25  proteins 
were  annotated  to  the  GO  term  response  to  DNA  damage 
stimulus  (G0:0006974;  blue  and  green  nodes  in  Fig.  5A, 
Supplementary  Table  E2  [online  only,  available  at 
www.exphem.org],  p  =  9  x  10  3),  20  of  which  corresponded 
to  the  more  specific  term  DNA  repair  (G0:0006281). 

As  a  control,  we  randomly  selected  10,000  sets  of  39 
proteins  normally  expressed  in  HSCs,  retrieved  their  inter¬ 
action  partners  as  before  and  determined  the  proportion  of 
cases  in  which  the  overlap  was  greater  than  for  the 
CREBBP  PIN  as  an  empirical  test  of  significance.  For  pro¬ 
grammed  cell  death  and  response  to  DNA  damage  stimulus, 
the  p  values  were  0.033  and  0.045,  respectively,  supporting 
our  contention  that  both  these  pathways  might  be  indirectly 
affected  in  Crehhp  !  HSCs  through  direct  interaction  with 
primary  CREBBP  targets.  The  involvement  of  apoptotic 
pathways  is  consistent  with  our  finding,  described  here,  of 
increased  apoptosis  in  Crehbp+/~  Lin-  cells  (Fig.  21). 
Analysis  of  purified  adult  BM  HSCs  revealed  a  similar, 
significant  increase  in  apoptosis  in  Crebbp+/~  HSCs 
(Fig.  5B,  paired  t- test;  p  =  0.021). 

Increased  hypersensitivity  of  Crebbp+/~  mice  to  ionizing 
radiation 

The  possibility  that  responses  to  DNA  damage,  and  partic¬ 
ularly  DNA  repair  functions,  might  be  altered  in  Crebbp+,~ 
HSCs  was  of  considerable  interest  because  this  has  only 
been  linked  fairly  recently  to  the  development  of  chromo¬ 
somal  abnormalities  in  MDS  and  its  progression  to  AML 
[9,11].  If  the  CREBBP  PIN  prediction  of  impaired  DNA 
repair  were  correct,  one  might  expect  Crebbp+/~  animals 
to  have  an  altered  sensitivity  to  DNA-damaging  agents. 

We  tested  this  hypothesis  by  subjecting  groups  of  mice  to 
a  split-dose  of  11  Gy  TBI.  Immediately  after  TBI,  mice 
received  various  doses  of  BM  cells  (Fig.  5C)  or  no  cells  at 
all  (Fig.  5D).  As  expected,  WT  controls  not  transplanted 
with  a  supportive  hematopoietic  graft  all  died  1 1  to  1 3  days 
after  irradiation.  All  WT  animals  receiving  a  transplant  of 
5.0  x  106  marrow  cells  survived,  as  did  9  of  11  receiving 
a  ~  30-fold  smaller  graft  of  1.5  x  105  cells.  In  contrast,  5 
of  22  Crebbp+/~  mice  receiving  the  high-dose  graft  died 
and  only  1  of  1 1  recipients  of  the  low  dose  BM  cells  survived 
the  first  2  weeks  after  TBI  (Fig.  5C).  To  rule  out  the 
possibility  that  differences  in  survival  were  due  to  the 
Crebbp+/~  microenvironment  having  a  negative  impact  on 
homing  of  the  transplanted  cells,  we  also  compared  the 


intrinsic  sensitivity  of  mice  to  a  10-Gy  split-dose  TBI  in 
the  absence  of  supporting  BM  cells  (Fig.  5D).  In  this  case, 
all  Crebbp+'~  mice  died  before  the  first  WT  mouse  suc¬ 
cumbed  to  hematopoietic  failure.  Moreover,  approximately 
one  third  of  the  WT  mice  survived  a  10-Gy  split-dose  TBI. 

Decreased  PARP1  activity  and  BER  protein  levels  in 
Crebbp+/~  cells 

Two  notable  players  in  the  detection  and  repair  of  DNA 
lesions  present  in  the  CREBBP  PIN  by  association  with 
a  direct  target  are  TP53  and  PARP1  (Fig.  5A).  We  decided 
to  examine  both  more  closely.  Western  blot  analysis  of  PB 
leukocytes  obtained  before  and  after  y-irradiation  showed 
no  clear  differences  in  total  or  Serl5-phosphorylated 
TRP53  levels  between  the  two  genotypes  (Supplementary 
Figure  E2A;  online  only,  available  at  www.exphem.org), 
nor  did  we  find  any  clear  differences  in  full-length  or  cleaved 
PARP1  protein  levels  (Supplementary  Figure  E2B;  online 
only,  available  at  www.exphem.org).  PARP1  activity  was 
slightly,  but  not  significantly,  lower  in  Crebbp+/~  cells 
before  irradiation  (Fig.  6A).  However,  immediately  after 
irradiation,  Crebbp+,~  leukocytes  showed  significantly 
lower  levels  in  enzymatic  activity  at  several  time  points 
(Fig.  6A,  asterisks).  Comparing  responses  between 
Crebbp+,~  and  WT  cells  during  the  entire  12-hour  period  re¬ 
vealed  that  PARP1  activity  is  significantly  dampened  by  the 
reduction  of  CREBBP  levels  (/-test  paired  by  condition  and 
time  point;  p  =  8.8  x  10-6).  We  next  looked  in  unirradiated 
whole  BM  and  Lin-  BM  to  see  whether  PARP1  activity  was 
reduced  in  more  primitive  hematopoietic  cell  populations. 
Similar  to  unirradiated  PB,  Crebbp+/~  BM  samples  showed 
decreased  PARP1  activity  compared  to  WT  but  not  to 
a  statistically  significant  level  (Fig.  6B). 

PARP1  plays  an  important,  although  not  enzymatic,  role 
in  BER  by  protecting  single-strand  breaks  until  repair  can 
proceed.  Consistent  with  this,  cells  that  lack  PARP1  rapidly 
accumulate  DNA  breaks  and  Parpl~'~  animals  are 
extremely  sensitive  to  y-irradiation  (reviewed  in  [22]). 
Because  we  had  observed  the  same  radiation  hypersensitivity 
in  Crebbp+/ -  mice,  and  because  MDS  patients  are  thought  to 
have  deficiencies  in  BER  [9],  we  wondered  whether  other 
BER  proteins  were  affected  by  a  reduction  in  CREBBP. 
When  we  measured  the  abundance  of  several  key  BER 
proteins  in  Crebbp+/~  and  WT  Lin-  BM  cells,  we  found 
a  modest  reduction  in  XRCC1  and  DNA  polymerase 
[3  (POLB)  and  a  significant  decrease  in  AP  endonuclease 
(APEX1)  abundance  in  Crebbp+/~  Lin-  cells  (Fig.  6C).  To 
determine  whether  the  changes  in  PARP1  activity  and  BER 
protein  levels  were  directly  related  to  reduced  CREBBP 
levels,  we  knocked  down  Crebbp  expression  in  the  multipo¬ 
tential  hematopoietic  EML1  cell  line  [31].  Consistent  with 
the  Crebbp+/ -  Lin-  BM  cells,  shRNA-mediated  reduction 
of  CREBBP  levels  in  unirradiated  EML1  cells  resulted  in 
a  marked  decrease  in  XRCC1  levels  and  more  modest 
changes  in  other  BER  protein  levels  (Fig.  6D,  E),  whereas 
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Figure  5.  Decreased  survival  of  Crebbp+,~  mice  in  response  to  ionizing  radiation  consistent  with  CREBBP  PIN  predictions.  (A)  Predicted  interaction 
network  of  proteins  encoded  by  genes  differentially  expressed  in  Crebbp+,~  HSCs  relative  to  WT  (larger  circles)  and  their  direct  interaction  partners  (smaller 
circles).  Red  edges  indicate  interactions  with  proteins  encoded  by  genes  upregulated  in  Crebbp+,~  HSCs,  while  blue  edges  mark  interactions  with  proteins 
encoded  by  downregulated  genes.  Black  nodes  mark  proteins  implicated  in  programmed  cell  death  and  blue  nodes  those  involved  in  responses  to  DNA 
damage.  Green  nodes  are  annotated  to  both  processes  and  gray  nodes  to  neither.  See  Supplementary  Tables  El  and  E2  [online  only,  available  at  www. 
exphem.org]  for  full  lists  of  genes.  (B)  Quantification  of  apoptosis  by  Annexin  V  staining  in  the  stem  cell  compartment  (LSK;  Lin_;Sca-l+;cKit++)  of  WT  and 
Crebbp+/~  mice.  Depicted  is  the  data  of  two  independent  experiments.  (C)  Kaplan-Meier  curves  for  WT  (black  and  blue  lines)  and  Crebbp+I~  mice  (green 
lines)  after  exposure  to  1 1  Gy  y-radiation.  Mice  received  either  no  cells  (control,  blue  line  [n  =  9]),  a  single  dose  of  1  x  105  BM  cells  (dashed  lines;  n  =  1 1) 
or  5  x  106  BM  cells  (solid  lines,  n  =  22).  (D)  Kaplan-Meier  curves  for  WT  (black  line)  and  Crebbp+'~  (green  line)  mice  after  exposure  to  10  Gy  of  y-radiation 
with  no  injected  cells.  (C,  D)  Log-rank  p  values  for  the  difference  in  survival  between  WT  (excluding  control  animals)  and  Crebbp+'~  as  indicated. 
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WT  and  Crebbp+,~  mice  before  (no  irradiation  [IR])  and  at  various  time  points  after  6  Gy  of  radiation  exposure  (post-IR).  Presented  are  average  values 
(±  standard  error  of  mean)  of  three  independent  experiments.  Asterisks  indicate  statistical  significance  at  individual  time  points  between  WT  and 
Crebbp+'~  cells  (paired  r-test;  *p  <  0.05).  (B)  PARP1  activity  in  nonirradiated  WBM  and  Lin~  cells  from  WT  and  Crebbp  !  animals  (n  =  3—4).  In 
the  boxplot,  the  horizontal  line  represents  the  median  and  the  boxes  extend  from  the  25th  to  75lh  percentile.  The  whiskers  extend  to  the  maximum  and 
minimum  values.  (C)  Representative  Western  blots  (left)  of  the  indicated  BER  proteins  in  unirradiated  Lin~  BM  and  corresponding  average  levels  (±standard 
deviation)  relative  to  ACTB  in  four  experiments  (right).  Probabilities  that  protein  levels  are  significantly  reduced  in  Crebbp+I~  cells  (one-sided  paired  /-test) 
as  shown. 


an  irrelevant  shRNA  against  enhanced  green  fluorescent 
protein  had  no  effect.  Decreased  availability  of  CREBBP 
thus  has  a  negative  impact  on  the  abundance  of  BER  proteins, 
which  may  explain  the  increased  radio  sensitivity  of  Crebbp+/~ 
mice  and  their  predisposition  for  developing  MDS. 

Discussion 

Several  MDS  mouse  models  have  been  described  to  date 
(reviewed  in  [39]),  each  capturing  some  features  of  this 
notoriously  variable  disease.  The  histopathology,  hemato¬ 


logical  characteristics,  and  increased  progenitor/stem  cell 
apoptosis  of  our  Crebbp+,~  mice  constitute  a  good  model 
for  human  MDS/MPN  as  defined  in  the  current  World 
Health  Organization  classification  [41]. 

Our  protein  network  analysis  predicted  an  impaired 
ability  to  respond  to  and  repair  DNA  damage  in 
Crebbp+/~  cells.  Consistent  with  this,  our  study  revealed 
a  significant  hypersensitivity  of  Crebbp +  mice  to  high- 
dose  ionizing  TBI.  TP53  and  PARP1  are  both  present  in 
the  CREBBP  PIN  and  their  functions  are  known  to  be 
modulated  through  acetylation  by  CREBBP/EP300 
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indicate  mean  values.  Likelihood  that  values  are  normally  distributed  around  1  (P(X  ~  Norm(l,l)),  Kolmogorov-Smimov  Test)  are  indicated  below  the  figure. 


[17,18,22].  However,  a  recent  report  showed  that  neither 
CREBBP  nor  its  paralog  EP300  are  required  for  TRP53- 
dependent  upregulation  of  Cdknla  and  Mdm2  following 
DNA  damage  [43].  Consistent  with  this  observation,  we 
found  that  neither  total  nor  Serl5-phosphorylated  TRP53 
protein  levels  were  altered  in  PB  by  a  reduction  in 
CREBBP  levels.  Nor  could  we  detect  any  significant  differ¬ 
ences  in  PARP1  abundance  between  WT  and  Crebbp+/~ 
cells,  before  or  after  irradiation.  In  contrast,  PARP1  enzy¬ 
matic  activity  tended  to  be  lower  in  cells  with  reduced 
levels  of  CREBBP  and  was  dampened  in  PB  cells  in 
response  to  radiation.  An  interesting  question  arises  from 
this  observation:  does  acetylation  by  CREBBP/EP300  of 
PARP1  enhance  not  only  PARPl’s  transcriptional  coactiva¬ 
tion  functions  [22],  but  also  its  enzymatic  or  repair- 
associated  activities?  Further  studies  will  be  required  to 
formally  address  this. 

The  majority  of  endogenous  DNA  damage,  such  as 
caused  by  reactive  oxygen  species,  is  repaired  by  BER. 
PARP1  binds  and  protects  single  strand  DNA  breaks  and 
further  facilitates  BER  by  recruiting  other  BER  proteins 
such  as  APEX1,  LIG3,  POLB,  and  XRCC1  to  the  site  of 
damage  (reviewed  in  [44]).  In  this  study,  we  demonstrate 
that  a  reduction  in  CREBBP  causes  these  BER  protein 
levels  to  decline,  some  more  than  others.  There  is  evidence 
to  suggest  that  even  small  changes  in  the  relative  abundance 
of  these  essential  BER  proteins  can  cause  aberrant  BER, 
which  can  lead  to  increased  mutagenesis  and  genomic 
instability  [44].  This  raises  the  possibility  that  loss  of 
a  single  copy  of  Crebbp  constitutes  a  mutator  phenotype 
[8]  predisposing  Crebbp+'~  animals  to  MDS/AML. 


In  summary,  we  have  demonstrated  a  previously  unde¬ 
tected  but  highly  penetrant  MDS/MPN  in  Crebbp+/~  mice. 
These  animals  are  also  radiosensitive,  a  common  feature 
of  human  MDS  [11],  although  not  shown  yet  for  MDS/ 
MPN  in  particular.  In  addition,  we  found  significantly 
decreased  PARP1  enzymatic  activity  in  Crebbp+/~  blood 
cells  and  an  imbalance  of  BER  proteins.  Further  studies 
will  be  required  to  fully  elucidate  the  molecular  mechanisms 
at  play  and  determine  the  direct  impact  of  these  CREBBP- 
associated  changes  on  BER  activity  and  genomic  instability. 
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Supplementary  materials  and  methods 

Blood  analysis 

Complete  blood  counts  (i.e.,  red  blood  cells,  white  blood  cells,  and  differential  counts)  were  performed  on  a  VetScan  HM2 
hematology  system  (Abaxis,  Union  City,  CA,  USA). 

Histology 

Histological  analysis  of  the  BM  was  performed  on  Wright-stained  touch  preparations  and  whole  BM  tissue  sections.  For  the 
latter,  tibias  were  fixed  at  room  temperature  in  10%  formalin  for  24  hours  (Fisher  Diagnostics,  ThermoFisher  Scientific, 
Waltham,  MA,  USA).  After  decalcification  in  CalRite  solution  (Richard-Allan  Scientific,  ThermoFisher  Scientific,Waltham, 
MA,  USA)  for  15  hours,  the  bones  were  stored  in  70%  ethanol  before  embedding  in  paraffin  and  sectioning  and  staining  with 
hematoxylin  and  eosin  for  analysis.  Images  were  produced  using  an  Olympus  BX51  microscope  and  an  Infinity  1  camera. 
Infinity  Analyze  software  v.4.6  (http/www.lumenera.com)  was  used  to  capture  the  images. 

Flow  cytometry 

Well-established  fluorescence-activated  cell  sorting  protocols  were  used  to  purify  long-term  HSCs  and  progenitor  cells  from 
the  BM  [1-3].  Myeloid  cells  were  stained  with  antibodies  against  Gr-1  and  Mac-1.  PB  lymphocytes  were  detected  with  anti¬ 
bodies  against  B  cells  (CD45R)  and  T  cells  (CD4,  CD8).  Fetal  liver  HSCs  were  obtained  by  first  performing  a  positive  selec¬ 
tion  for  AA4.1+  cells  (Easysep;  StemCell  Technologies)  and  then  sorting  for  Sca-1  LirT  AA4. 1  f c-Kit 1  1  [4].  To  measure 
apoptosis,  1.0  x  105  cells  were  resuspended  in  100  pL  lx  binding  buffer  and  stained  with  1.5  pL  Annexin  V-fluorescence 
isothiocyanate  and  5  pL  propidium  iodide  according  to  manufacturer’s  instructors  (BD  Biosciences).  Sorting  and  analyses 
were  performed  on  a  dual-laser  BD  FACSAria  or  a  BD  FACSCanto  (BD  Biosciences).  Antibodies  were  purchased  from 
BD  Biosciences. 

In  vitro  methylcellulose  assay 

Unfractionated  BM  cells  (1.5  x  104  cells/dish)  were  plated  in  duplicate  in  methylcellulose-containing  medium  (M3434; 
StemCell  Technologies).  Burst-forming  units-erythroid,  colony-forming  units  (CFU)-granulocyte,  CFU-macrophage,  CFU- 
mixed  granulocyte-macrophage,  and  CFU-mixed  granulocyte-erythrocyte-macrophage-megakaryocyte  colonies  were  scored 
12  to  14  days  later  on  standard  morphological  criteria  (http://www.stemcell.com/technical/28405_methocult%20M.pdf). 
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Supplementary  Figure  El.  Fluorescence-activated  cell  sorting  (FACS)  and  histopathology  of  a  young  Crebbp+I~  mouse  with  leukemic  disease.  As  we  have 
previously  reported,  hematopoietic  malignancies  do  not  typically  become  apparent  in  Crebbp+/~  mice  before  12  months  of  age;  reference  [25]  in  main 
article;  however,  one  of  the  mice  in  the  9-  to  12-month-old  age  group  showed  early  signs  of  acute  leukemic  disease  progression.  Its  BM  was  hypocellular 
and  its  spleen  enlarged  to  283  mg.  (A)  FACS  profiles  of  BM  and  PB  stained  with  antibodies  against  Gr-1  and  Mac-1,  indicating  that  the  majority  of  cells  in 
these  tissues  are  myeloid.  (B)  Bone  sections  (i,  iii,  and  iv)  and  BM  touch-prep  (ii)  of  the  same  mouse.  Histological  examination  reveals  the  hypocellularity  of 
the  marrow  (i)  and  the  prevalence  of  immature  myeloid  cells  (I,  ii).  The  arrows  and  inset  (i)  indicate  cells  actively  undergoing  mitosis,  indicative  of  the  high 
mitotic  index  of  this  marrow,  (iii,  iv)  Reticulin  staining  (black  fibers)  indicates  a  high  degree  of  myelofibrosis  in  the  marrow  of  this  Crebbp+I~  mouse  (iii) 
compared  to  an  age-matched  WT  control  (iv).  (C)  Presence  of  hypersegmented  granulocytes  (i),  myeloid  precursor  cells  (ii,  arrow)  and  blast  cells  (iii  and  iv) 
in  the  PB  of  this  Crebbp+I~  mouse.  Magnification:  60 x  for  all  images. 
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Supplementary  Figure  E2.  No  overt  changes  in  TRP53  or  PARP  in  Crebbp+/~  PB  cells  compared  to  WT.  (A)  Western  blot  of  total-  and  Serl5- 
phosphorylated  TRP53  and  in  PB  cells  from  WT  and  Crebbp+/~  mice.  Measurements  were  taken  before  and  at  different  time  points  after  irradiation  (6 
Gy).  The  20-minute  time  point  represents  the  maximum  response,  earlier  time  points  not  shown.  (B)  Western  blot  of  full-length  and  cleaved  PARP1  protein 
in  PB  cells  from  WT  and  Crebbp+/~  mice. 
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Table  El.  Probe  sets  significantly  altered  in  Crebbp+I—  HSCs  relative  to  wild-type 


Probe  set  ID 

Mouse  gene 

Mouse  gene  ID 

CBP  vs  WT 

Human  homolog 

Human  gene  ID 

1444262_at 

1 1 10017F19Rik 

68528 

down 

1457062_at 

1700081L1 IRIK 

76719 

down 

KIAA1267 

284058 

14391 12_at 

2810442I21RIK 

72735 

down 

1446425_at 

473241 8C07RIK 

230648 

down 

KIAA0494 

9813 

1426936_at 

629242 

629242 

down 

1435684_at 

ABCC5 

27416 

down 

ABCC5 

10057 

144207  l_at 

ABCE1 

24015 

down 

ABCE1 

6059 

1421168_at 

ABCG3 

27405 

down 

1440392_at 

AKAP13 

75547 

down 

AKAP13 

11214 

1430047_at 

ANKRD32 

105377 

down 

ANKRD32 

84250 

1430127_a_at 

CCND2 

12444 

down 

CCND2 

894 

142405  l_at 

COL4A2 

12827 

down 

COL4A2 

1284 

143068  l_at 

CRYL1 

68631 

down 

CRYL1 

51084 

143821  l_s_at 

DBP 

13170 

down 

DBP 

1628 

1451363_a_at 

DENND2D 

72121 

down 

DENND2D 

79961 

1439226_at 

DOCKS 

76088 

down 

DOCK8 

81704 

1453753_at 

DTL 

76843 

down 

DTL 

51514 

1437543_at 

FUBP1 

51886 

down 

FUBP1 

8880 

1437171_x_at 

GSN 

227753 

down 

GSN 

2934 

14171 84_s_at 

HBB  B 1 

15129 

down 

HBB 

3043 

1444942_at 

HELZ 

78455 

down 

HELZ 

9931 

1448152_at 

IGF2 

16002 

down 

IGF2 

3481 

1418280_at 

KLF6 

23849 

down 

KLF6 

1316 

1440315_at 

MBNL1 

56758 

down 

MBNL1 

4154 

1443260_at 

MEIS1 

17268 

down 

MEIS1 

4211 

1438157_s_at 

NFKBIA 

18035 

down 

NFKBIA 

4792 

1427005_at 

PLK2 

20620 

down 

PLK2 

10769 

1429639_at 

PREI4 

74182 

down 

RP5-1022P6.2 

56261 

1429196_at 

RABGAP1L 

29809 

down 

RABGAP1L 

9910 

142896 l_a_at 

SFRS16 

53609 

down 

SFRS16 

11129 

1438160_x_at 

SLC04A1 

108115 

down 

SLC04A1 

28231 

1436737_a_at 

SORBS 1 

20411 

down 

SORBS1 

10580 

1441802_at 

SPRED2 

114716 

down 

SPRED2 

200734 

1421664_a_at 

STYX 

56291 

down 

STYX 

6815 

1437277_x_at 

TGM2 

21817 

down 

TGM2 

7052 

1455900_x_at 

TGM2 

21817 

down 

TGM2 

7052 

1424966_at 

TMEM40 

94346 

down 

TMEM40 

55287 

1438495_at 

TOPI 

21969 

down 

TOPI 

7150 

1430575_a_at 

TPP2 

22019 

down 

TPP2 

7174 

1428992_at 

UNCI  3D 

70450 

down 

UNCI  3D 

201294 

1428564_at 

ZFP579 

68490 

down 

ZNF579 

163033 

1424982_a_at 

2700078E1 IRIK 

78832 

up 

C10orf46 

143384 

1435070_at 

AEBP2 

11569 

up 

AEBP2 

121536 

1437743_at 

AEBP2 

11569 

up 

AEBP2 

121536 

1434266_at 

AI847670 

330050 

up 

1454982_at 

ARFGEF2 

99371 

up 

ARFGEF2 

10564 

1418523_at 

ARIH2 

23807 

up 

ARIH2 

10425 

1457139_at 

AUTS2 

319974 

up 

AUTS2 

26053 

1452346_at 

B3GNT1 

108902 

up 

B3GNT1 

11041 

1443688_at 

BC050092 

235048 

up 

1439783_at 

C330018D20RIK 

77422 

up 

1427419_x_at 

CCR9 

12769 

up 

CCR9 

10803 

1 44993 2_at 

CSNK1D 

104318 

up 

CSNK1D 

1453 

1429301_at 

CSNK2A2 

13000 

up 

CSNK2A2 

1459 

1428794_at 

CYTSB 

432572 

up 

SPECC1 

92521 

1428267_at 

DHX40 

67487 

up 

DHX40 

79665 

14491 16_a_at 

DTYMK 

21915 

up 

DTYMK 

1841 

1418699_s_at 

FECH 

14151 

up 

FECH 

2235 

1431645_a_at 

GDI2 

14569 

up 

GDI2 

2665 

1424076_at 

GDPD1 

66569 

up 

GDPD1 

284161 

1418839_at 

GLMN 

170823 

up 

GLMN 

11146 

(i continued ) 
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Table  El.  ( continued ) 


Probe  set  ID 

Mouse  gene 

Mouse  gene  ID 

CBP  vs  WT 

Human  homolog 

Human  gene  ID 

1426463_at 

GPHN 

268566 

up 

GPHN 

10243 

1455007_s_at 

GPT2 

108682 

up 

GPT2 

84706 

1451490_at 

LYPLAL1 

226791 

up 

LYPLAL1 

127018 

1420977_at 

MAN1A2 

17156 

up 

MAN1A2 

10905 

1426850_a_at 

MAP2K6 

26399 

up 

MAP2K6 

5608 

1435285_at 

MPPED2 

77015 

up 

MPPED2 

744 

1452740_at 

MYH10 

77579 

up 

MYH10 

4628 

1429584_at 

MYNN 

80732 

up 

MYNN 

55892 

1421321_a_at 

NET1 

56349 

up 

NET1 

10276 

1428951_at 

NOL8 

70930 

up 

NOL8 

55035 

1430875_a_at 

PAK1IP1 

68083 

up 

PAK1IP1 

55003 

1428543_at 

PPAT 

231327 

up 

PPAT 

5471 

1423903_at 

PVR 

52118 

up 

PVR 

5817 

1451074_at 

RNF13 

24017 

up 

RNF13 

11342 

1451 108_at 

RNF185 

193670 

up 

RNF185 

91445 

1437532_at 

RNF216 

108086 

up 

RNF216 

54476 

1448127_at 

RRM1 

20133 

up 

RRM1 

6240 

1415957_a_at 

RRP1 

18114 

up 

RRP1 

8568 

1440275_at 

RUNX3 

12399 

up 

RUNX3 

864 

1437088_at 

SDAD1 

231452 

up 

SDAD1 

55153 

1 42945 9_at 

SEMA3D 

108151 

up 

1452059_at 

SLC35F5 

74150 

up 

SLC35F5 

80255 

1436867_at 

SRL 

106393 

up 

SRL 

6345 

1450420_at 

STAG1 

20842 

up 

STAG1 

10274 

14311 15_at 

TGIF2 

228839 

up 

TGIF2 

60436 

1420868_s_at 

TMED2 

56334 

up 

TMED2 

10959 

14273 14_at 

TMED7 

66676 

up 

TMED7 

51014 

1452290_at 

TMEM106B 

71900 

up 

TMEM106B 

54664 

1448863_a_at 

TNFAIP1 

21927 

up 

TNFAIP1 

7126 

1418132_a_at 

UBFD1 

28018 

up 

UBFD1 

56061 

1423675_at 

USP1 

230484 

up 

USP1 

7398 

142799 l_s_at 

USP45 

77593 

up 

USP45 

85015 

1429393_at 

WDR40A 

68970 

up 

WDR40A 

25853 

1449353_at 

ZMAT3 

22401 

up 

ZMAT3 

64393 

S.N.  Zimmer  et  al./  Experimental  Hematology  2012;40:295-306 


306.e5 


Table  E2.  Programmed  cell  death  and  DNA  damage  response  proteins 
present  in  the  PIN  shown  in  Figure  5A 


Programmed  Response  to  DNA 

cell  death  damage  stimulus 


GO  ID#: 

12501 

6974 

Gene  symbols: 

APP 

ABL1 

BCAP31 

CCNH 

CASP3 

CDKN1A 

CDKN1B 

CDKN2D 

CDKN2D 

CIB1 

CIB1 

CSNK1D 

CUL1 

DDIT3 

DYNLL1 

GTF2H1 

GJA1 

MAP2K6 

HTT 

MCM7 

MET 

PARP1 

NFKB1 

PCNA 

NFKBIA 

PRKDC 

PAK1 

RAD21 

PFN1 

RBBP8 

PTK2B 

RPA1 

RAD21 

RRM2B 

RIPK3 

SFPQ 

RNF216 

SMC1A 

RRAGA 

SMC3 

SMAD3 

TOPORS 

TNFRSF1A 

TP53 

TNFRSF1B 

VCP 

TP53 

XRCC5 

TRAF2 

XRCC6 

VCP 

VDAC1 

YWHAB 

The  gene  symbols  in  bold  are  direct  target  genes. 
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Abstract 

Background:  In  vitro  cell  culture  experiments  with  primary  cells  have  reported  that  cell  proliferation  is  retarded  in  the 
presence  of  ambient  compared  to  physiological  02  levels.  Cancer  is  primarily  a  disease  of  aberrant  cell  proliferation, 
therefore,  studying  cancer  cells  grown  under  ambient  02  may  be  undesirable.  To  understand  better  the  impact  of  02  on  the 
propagation  of  cancer  cells  in  vitro,  we  compared  the  growth  potential  of  a  panel  of  ovarian  cancer  cell  lines  under  ambient 
(21%)  or  physiological  (3%)  02. 

Principal  Findings:  Our  observations  demonstrate  that  similar  to  primary  cells,  many  cancer  cells  maintain  an  inherent 
sensitivity  to  02,  but  some  display  insensitivity  to  changes  in  02  concentration.  Further  analysis  revealed  an  association 
between  defective  G2/M  cell  cycle  transition  regulation  and  02  insensitivity  resultant  from  overexpression  of  14-3-3  a. 
Targeting  14-3-3  a  overexpression  with  RNAi  restored  02  sensitivity  in  these  cell  lines.  Additionally,  we  found  that 
metastatic  ovarian  tumors  frequently  overexpress  14-3-3  cr,  which  in  conjunction  with  phosphorylated  RB,  results  in  poor 
prognosis. 

Conclusions:  Cancer  cells  show  differential  proliferative  sensitivity  to  changes  in  02  concentration.  Although  a  direct  link 
between  02  insensitivity  and  metastasis  was  not  determined,  this  investigation  showed  that  an  02  insensitive  phenotype  in 
cancer  cells  to  correlate  with  metastatic  tumor  progression. 
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Introduction 

Cell  lines  derived  from  cancer  patients  provide  an  experimen¬ 
tally  manipulable  model  system  that  facilitates  investigations  into 
cancer  biology  and  its  therapy.  The  unlimited  proliferation 
potential  of  cancer  cells  is  a  major  hallmark  of  malignancy, 
however  the  use  of  standard  tissue  culture  protocols  often  restricts 
cell  proliferation,  as  observed  with  primary  cell  lines  [1,2, 3, 4], 
Although  the  use  of  physiological  conditions  is  known  to  impact  in 
vitro  proliferation  of  cancer  cells  [5,6,7]  and  primary  cells  are 
known  to  propagate  better  at  physiological  02,  the  impact  of 
physiological  02  on  in  vitro  cancer  cell  proliferation  is  relatively 
unexplored.  However,  it  has  been  reported  that  altered  concen¬ 
trations  of  02  results  in  clear  differences  in  cell  proliferation  and 
response  to  drug  treatment  in  the  cancer  cells  [8,9,10]. 


Oxygen,  in  addition  to  nutrients  and  growth  factors,  is  vital  for 
proper  cell  growth  and  its  availability  has  a  direct  impact  on 
cellular  metabolism,  signaling  pathways,  proliferation,  differenti¬ 
ation  and  survival  [3,11,12,13].  Many  in  vitro  investigations  have 
demonstrated  the  advantages  of  physiological  02  for  tissue  culture. 
For  example,  the  biological  behavior  of  primary  cell  cultures  with 
a  physiological  concentration  of  02  (2. 7-5. 3%)  is  far  superior 
compared  to  the  standard  practice  of  growing  cells  under 
atmospheric  or  “ambient”  02  concentration  (21%  02)  [4],  In 
fact,  these  two  growth  conditions  are  known  to  result  in  distinct 
metabolic  and  molecular  characteristics  [13]. 

The  importance  of  considering  Oo  tension  in  cancer  biology  is 
well  established.  For  example,  the  fact  that  many  cancers  exist  in  a 
‘hypoxic’  state  has  led  to  the  development  of  hypoxia-targeted 
therapy  [14,15].  In  general  the  hypoxic  concentration  of  02  is 
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<1%  for  most  solid  tumors,  however  the  hypoxic  concentration 
could  vary  based  on  the  cell  types  and  the  normal  perfusion  status 

[16]  and  additionally,  hypoxia  tends  to  inhibit  cell  proliferation 

[17] .  Physiological  O2  tension  varies  from  2. 7-5. 3%  in  the 
interstitial  space  [18],  where  many  primary  tumors  reside,  to 
14.7%  in  the  arterial  circulation  and  lungs,  where  migrating  and 
potentially  metastatic  cancer  cells  are  often  found.  Therefore, 
cancer  studies  that  are  only  conducted  in  ambient  (2 1  %)  O2  may 
miss  pertinent  biological  observations.  This  may  be  particularly 
important  when  attempting  to  study  the  progression  of  cancer  to 
metastatic  disease,  which  is  a  significant  event  in  cancer  etiology 
and  is  associated  with  poor  prognosis  [19].  Considering  the 
differences  in  O2  tension  in  different  compartments  of  the  body, 
an  understanding  of  the  effect  of  02  concentration  on  cancer  cell 
proliferation  could  provide  useful  insights  into  the  mechanisms 
involved  in  the  pathological  progression  of  cancer. 

Cancer  cells  that  have  acquired  mutations  in  either  oncogenes  or 
tumor  suppressor  genes  display  a  characteristic  uncontrolled 
proliferation  phenotype  [20].  For  example,  tumor  suppressors  such 
as  p53  or  RB  act  as  “molecular  gatekeepers”  known  to  affect  cell 
cycle  progression.  Mutation  of  such  factors  facilitates  unlimited 
proliferation  in  cancer  cells  [20].  Cell  cycle  progression  involves  a 
sequential  series  of  events  catalyzed  by  cyclins  and  cyclin-dependent 
kinases  (CDKs)  [21],  and  in  normal  cells  is  a  tightly  regulated 
process.  The  tumor  suppressor  p53  is  a  master  regulator  of  Gl/S 
and  G2/M  phase  transition  in  the  cell  cycle  [22]  and  is  known  to 
have  an  important  role  in  responding  to  oxygen  concentration, 
particularly  hypoxia  (<1%  Oa)  [23]  or  hyperoxia  (95%  O2)  [24], 
Although  examining  the  effect  of  extreme  O2  conditions  is  both 
important  and  revealing,  it  must  be  noted  that  these  previous  studies 
did  not  investigate  the  response  ofp53  at  physiological  (3%)  02  and 
ambient  (21%)  O2.  p21  and  14-3-3  o  are  transcriptional  targets  of 
p53  diat  are  involved  in  regulating  Gl/S  and  G2/M  transitions  of 
the  cell  cycle  by  targeting  CDK2  and  CDC2  (also  known  as  CDK1), 
respectively  [22,25].  The  CDKs,  in  turn,  regulate  RB  protein 
function,  to  mediate  cell  cycle  progression  through  Gl/S  and  G2/ 
M  [26].  Therefore,  disruption  of  RB  function  could  also  impact  the 
control  of  cell  cycle  progression  [26] .  Considering  that  differences  in 
02  concentration  result  in  altered  cell  cycle  progression  in  primary 
cells  but  cancer  cells  frequently  display  cell  cycle  control  defects, 
there  is  clearly  the  potential  that  these  defects  may  impact  how 
cancer  cells  respond  to  altered  02  levels  in  a  manner  that  could  have 
a  profound  influence  on  cancer  progression. 

Here  we  examined  the  biological  behavior  of  ovarian  cancer  cells 
under  physiological  and  ambient  Oz.  Interestingly,  some  of  the 
ovarian  cancer  cell  lines  had  a  normal  response  to  02  concentra¬ 
tion,  (i.e.  reduced  cell  proliferation  with  increased  O2  concentration) 
while  the  proliferation  of  other  ovarian  cancer  cell  lines  was 
unaffected  by  this  O2  increase.  Further,  our  investigations  revealed 
that  14-3-3  a  and  its  role  in  the  cell  cycle  influence  the  proliferative 
response  to  altered  O2  levels.  Considering  the  variation  in  partial 
pressure  of  oxygen  throughout  the  body  and  the  potential 
importance  that  this  context  may  have  on  cancer  progression,  it  is 
crucial  to  understand  the  affect  of  O2  concentration  on  cancer  cell 
proliferation  and  cancer  progression.  We  provide  evidence  that 
acquisition  of  Oz  insensitivity  may  be  a  component  in  cancer 
progression  and  a  hallmark  of  successful  metastatic  disease. 

Results 

Physiological  oxygen  results  in  increased  cell 
proliferation  in  ovarian  cancer  cells 

In  our  initial  studies  we  compared  the  effect  of  physiological  (3% 
O2)  and  ambient  (21%  O2)  oxygen  concentration  using  A2780 


ovarian  cancer  cells  and  observed  that  1 2  days  of  cell  culture  under 
these  conditions  resulted  in  a  2.6  fold  growth  suppression  under 
21%  O2  (Figure  1).  Therefore,  we  examined  the  affect  of  O2 
concentration  on  the  growth  potential  of  six  ovarian  cancer  cell  lines 
using  physiological  (3%  O2)  and  ambient  (21%  O2)  oxygen 
concentrations.  Since  the  serum  present  in  cell  culture  medium 
can  also  have  a  dominant  influence  on  growth,  we  also  tested  the 
affect  of  various  concentrations  of  serum.  Regardless  of  the  amount 
of  serum  present  in  the  growth  medium,  culturing  in  2 1  %  O2 
generally  resulted  in  a  significant  decrease  in  cell  proliferation  for 
four  of  the  ovarian  cancer  cell  lines  (A2780,  OVCAR5,  OVCAR8 
and  HOC8)  compared  to  3%  02  (Figure  2).  The  only  exception 
observed  was  with  HOC8  cells  in  the  presence  of  the  highest 
concentration  of  serum  (10%  v/v),  where  an  insignificant  02- 
dependent  growth  effect  was  obseived  (Figure  2).  Presumably  the 
lack  of  response  in  Hoc8  results  from  a  dominant  influence  of 
serum,  which  was  not  observed  with  A2780,  OVCAR5  and 
OVCAR8.  In  contrast,  there  was  no  significant  effect  on  the  growth 
of  SKOV 3  and  HeyA8  cell  lines  by  increasing  the  02  concentration 
to  21%,  irrespective  of  serum  concentrations  (Figure  2).  The 
observed  exception  was  HeyA8  cultured  under  2%  serum,  which 
showed  decreased  cell  proliferation  at  2 1  %  02  compared  to  3%  O2 
(/)<0.001).  In  contrast  to  the  effect  of  02  levels,  increasing  the 
concentration  of  serum  resulted  in  a  proportional  growth  increase  in 
the  ovarian  cancer  cell  lines  A2780,  OVCAR5  and  OVCAR8 
(/><10-5,  Figure  2).  The  concentration  of  serum  had  a  moderate 
influence  on  growth  in  SKOV3  and  HeyA8  (Figure  2);  a  serum 
concentration  between  2  and  6%  had  a  significant  effect  (/><10-5) 
in  SKOV3,  while  HeyA8  serum  concentration  between  2  and  10% 
serum  had  the  greatest  effect  at  3%  02  (/><10  5)  (Figure  2). 
Increasing  serum  concentration  from  6%  to  10%  had  little  effect  on 
growth  of  HeyA8,  SKOV3  and  HOC8  (Figure  2).  Together,  it 
appears  that  both  oxygen  levels  and  serum  concentration  affect  the 
growth  of  these  ovarian  cancer  cell  lines,  but  in  an  independent 
fashion.  As  expected  from  work  by  others  with  primary  cells  [4] ,  we 
observed  that  the  majority  of  the  ovarian  cancer  cells  displayed 
decreased  cell  proliferation  at  ambient  02  concentration  compared 
to  physiological  O2  concentration.  However,  two  cell  lines  did  not 
appear  to  have  inhibited  cell  proliferation  at  the  higher  (ambient) 
02  levels.  We  therefore  categorized  die  ovarian  cancer  cell  lines 
based  on  these  differences,  being  either  02  sensitive  (A2780, 
OVCAR5,  OVCAR8  and  HOC8)  or  insensitive  (SKOV3  and 
HeyA8)  (Figure  2).  Overall,  these  differences  suggest  heterogeneity 
in  growth  regulation  responses  to  physiological  cues  of  02  levels  in 
these  cultured  cell  lines. 

It  is  possible  that  the  apparent  02  insensitivity  and  differences  in 
proliferation  resulted  from  differences  in  the  doubling  time  of  each 
cell  line.  For  example,  if  SKOV3  and  HeyA8  (the  02  insensitive  cell 
lines)  proliferate  more  slowly,  02  dependent  proliferation  changes 
may  be  too  trivial  to  measure.  Therefore,  we  measured  the  cell 
doubling  time  for  all  ovarian  cancer  cell  lines.  Our  results  showed 
that  under  standard  tissue  culture  conditions  (10%  serum  and  21% 
O2)  the  doubling  time  for  all  ovarian  cancer  cell  lines  were 
somewhat  similar  (<24  hours)  except  for  HOC8,  which  had  an 
extended  doubling  time  of  about  45. 5  ±4.9  hours  (Table  SI,  and  see 
Methods  SI).  Therefore,  most  of  the  ovarian  cancer  cell  lines  were 
dividing  at  an  approximately  equal  rate,  and  gross  difference  in 
doubling  time  is  unlikely  to  be  a  factor  in  the  observed  proliferation 
differences  between  cell  lines  under  different  conditions. 

Oxygen  sensitivity  correlates  with  dynamic  changes  in 
the  S  and  G2  phases  of  the  cell  cycle 

Considering  the  differences  in  proliferation  observed  for  ovarian 
cancer  cell  lines  grown  under  either  3%  or  21%  02,  we  examined 
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Standard  tissue  culture  condition  (Room  air  with  21%  O2) 
Physiological  growth  condition  with  3%  O2 


Figure  1.  Cancer  cell  proliferation  is  markedly  suppressed  by  the  standard  cell  culture  conditions  used  for  in  vitro  experiments. 

Equal  numbers  of  A2780  ovarian  cancer  cells  were  seeded  in  a  10  cm  petri  dish  and  were  routinely  maintained  under  3%  02  (physiological)  or  21%  02 
(ambient).  The  increase  in  cell  numbers  was  determined  by  counting  manually  once  in  three  days,  and  the  total  cell  numbers  were  estimated  and 
plotted  using  linear  scale  (in  Graph  A)  and  log  scale  (in  Graph  B). 
doi:1 0.1 371/journal.pone.OOI  5864.g001 


whether  02  concentration  alters  the  cell  cycle  profile  of  each  cell 
line.  Irrespective  of  serum  concentration,  comparing  3%  02  to 
2 1  %  02  resulted  in  a  significant  decrease  in  the  percentage  of  cells 
that  were  in  the  G1  phase  of  the  cell  cycle  and  a  significant 
increase  in  the  percentage  of  cells  in  S  phase  (Table  1),  which  was 


expected  based  on  previous  observations  made  with  primary  cells 
[27].  Furthermore,  in  three  of  the  02  sensitive  cell  lines  (A2780, 
OVCAR5  and  OVCAR8)  the  percentage  of  the  cell  population  in 
the  G2  phase  was  increased  significandy  in  21%  02.  However  a 
significant  increase  in  G2  was  not  observed  in  the  fourth  02 
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Figure  2.  Ovarian  cancer  cells  grown  under  physiological  and  ambient  02  show  differential  proliferation  response.  Ovarian  cancer  cell 
lines  were  cultured  under  3%  or  21%  02  and  the  extent  of  proliferation  was  determined  following  3  days  of  growth  (see  Materials  and  Methods 
section).  For  each  cell  line,  the  percent  of  cell  proliferation  at  3%  02  (light  shaded  bars)  and  at  different  concentrations  of  serum  was  compared  with 
proliferation  under  standard  tissue  culture  conditions  consisting  of  21%  (ambient)  02  (dark  shaded  bars)  and  10%  FBS.  The  error  bars  represent  the 
standard  deviations  of  mean  and  statistical  significant  (by  student  T  Test)  differences  in  proliferation  between  3%  and  21%  02  for  each  concentration 
of  serum  is  indicated  by  an  asterisk  [(*)  p< 0.05,  (**)  p<0.001  and  (***)  p<0.0001]. 
doi:1 0.1 371/journal.pone.OOI  5864.g002 
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sensitive  cell  line,  HOC8  (Table  1).  Similar  to  HOC8,  the  O2 
insensitive  cell  lines,  SKOV3  and  HeyA8,  did  not  display  a 
significant  alteration  in  the  proportion  of  cells  in  the  G2  phase  of 
the  cell  cycle  when  grown  under  3%  Oz  or  21%  02  (Table  1). 
Considering  that  the  02  sensitive  cell  lines  proliferated  more 
slowly  at  21%  02  compared  to  3%  02  despite  having  smaller 
proportions  of  their  cell  population  in  G1  and  a  increased 
proportions  in  S  and  G2,  we  conclude  that  these  cells  must  be 
progressing  more  slowly  through  the  cell  cycle.  However,  for  the 
02  insensitive  cell  lines  and  HOC8  (with  the  significantly  extended 
doubling  time),  we  did  not  observe  a  significant  increase  in  the 
percentage  of  cells  in  G2  when  the  02  levels  were  increased.  These 
results  suggest  that  although  the  G1  and  S  phases  of  the  cell  cycle 
are  responding  similarly  to  changes  in  02  concentration  in  both 
02  sensitive  and  insensitive  cell  lines,  it  is  the  G2  phase  of  the  cell 
cycle  that  is  not  responsive  to  02  concentration  in  the  02 
insensitive  cell  lines.  Therefore,  the  difference  in  cell  cycle  response 
observed  with  these  ovarian  cancer  cell  lines  might  be  at  the  level 
of  regulation  during  the  cell  cycle  progression  from  G2  to  M 
phase.  It  is  also  possible  that  the  changes  observed  with  G2  and  02 
sensitivity  in  these  cancer  cell  lines  is  reflected  in  the  mitotic 
component  of  the  cell  cycle.  Our  observation  of  the  mitotic  cells 
present  in  the  02  sensitive  and  insensitive  cell  lines  grown  under 
3%  and  21%  02  supports  this  conclusion;  the  02  sensitive  cell 
lines  show  a  proportionate  decrease  in  the  mitotic  cell  population 
observed  at  21%  02  compared  to  3%  02j  (Figure  3),  correspond¬ 
ing  to  an  accumulation  of  cells  at  G2  at  21%  02  (Table  1). 
Similarly,  in  the  02  insensitive  cell  lines  (HeyA8  and  SKOV3)  the 
proportion  of  mitotic  cells  remained  unaltered  regardless  of  02 
concentrations  (Figure  3).  This  is  expected  because,  as  noted 
previously  (Table  1),  the  proportion  of  cells  at  G2  in  the  02 
insensitive  cell  lines  were  also  unaffected  by  02  concentration.  We 
conclude  that  most  cancer  cells  retain  an  ability  to  regulate  cell 
cycle  in  response  to  changes  in  02  concentration  comparable  to 
wild  type  cells  [27].  However,  some  cancer  cells  may  lose  02 
concentration  dependent  control  of  cell  cycle  (as  in  the  02 
insensitive  cancer  cell  lines),  resulting  in  a  distinct  phenotype. 

Oxygen  insensitivity  correlates  with  altered  G2/M 
components 

Thus  far  we  have  demonstrated  that  02  sensitive  cell  cycle 
response  at  the  G2/M  transition  is  lacking  in  the  02  insensitive  cell 
lines.  We  therefore  went  on  to  characterize  this  observation  further 
by  determining  what  component  of  G2/M  regulation  is  deficient  in 
the  02-insensitive  cancer  cells.  The  major  effector  of  G2/M 
transition  is  CDC2  [22,28] .  CDC2  forms  a  complex  with  cyclin  B 
[29,30],  which  phosphorylates  various  structural  proteins  resulting 
in  the  collapse  of  the  nuclear  envelope,  condensation  and 
segregation  of  chromosomes  [30,31]  and  inactivation  of  other  cell 
cycle  regulatory  proteins  such  as  WEE1,  RB  and  CDG25C  [30,32]. 
In  normal  cells,  the  overall  levels  of  CDC2  protein  are  kept  constant 
throughout  the  cell  cycle  [33]  and  are  regulated  by  post- 
translational  modification  [33]  and  cellular  localization  [30,31]. 
Once  the  Tyrl5  residue  on  CDG2  is  dephosphorylated  by 
CDC25C,  activated  CDC2  forms  a  complex  with  cyclin  B, 
accumulates  in  the  nucleus,  and  promotes  the  G2/M  transi- 
tion[30,33,34].  This  occurs  in  a  stepwise  fashion  through  increasing 
amounts  of  nuclear  CDC2  protein  [30].  Our  examination  of  total 
CDC2  protein  and  phosphorylated  CDC2  protein  revealed  that 
both  are  considerably  lower  in  the  Oo-insensitive  cell  lines  (HeyA8 
and  SKOV3)  compared  to  the  02-sensitive  cell  lines  (Figure  4A). 
Although  the  levels  of  CDG2  were  relatively  high  in  the  02-sensitive 
cell  lines  (A2780,  OVCAR5  and  OVCAR8)  (Figure  2),  we  observed 
a  decrease  in  Tyrl5  phosphorylation  status  regardless  of  02 


A2780  OVCAR5  OVCAR8  HeyA8  HOC8  SKOV3 


Figure  3.  Mitotic  index  in  the  ovarian  cancer  cell  lines  grown 
under  3%  or  21%  02.  Mitotic  index  in  the  ovarian  cancer  cell  lines 
that  were  cultured  under  3%  or  21%  02  for  3  days  were  determined  by 
counting  nuclei  with  condensed  chromosomes,  among  the  minimum  of 
1000  cells  present  in  each  experiment.  Statistical  significance  was 
determined  by  ANOVA  and  the  significant  difference  in  the  mitotic 
index  between  3%  and  21%  02  is  denoted  by  an  asterisk  [(*)  p< 0.05, 
(***)  pCO.0001], 

doi:1 0.1 371 /journal.pone.001 5864.g003 

concentration  for  A2780,  OVCAR5  and  OVCAR8  with  increasing 
serum  levels  (Figure  4A).  This  correlates  with  the  observation  that 
increasing  serum  concentration  causes  increased  cellular  prolifera¬ 
tion  and  results  in  a  concomitant  reduction  in  the  proportion  of  cells 
in  G2/M  (compare  with  Table  1).  However,  no  overt  02-dependent 
alteration  in  either  total  or  phosphorylated  cyclin  B  or  CDC25C 
was  observed  in  the  02  sensitive  cell  lines  (A2780,  OVCAR5, 
OVCAR8  and  HOC8)  compared  to  02  insensitive  cell  lines 
(HeyA8  and  SKOV3)  (Figure  4A).  Therefore,  it  appears  that  the 
observed  decrease  in  the  cell  population  in  G2  in  2 1  %  02  might  not 
be  dependent  on  phosphorylation-mediated  inactivation  of  CDC2. 
It  should  be  noted  that  these  experiments  were  performed  in 
asynchronously  growing  cells,  and  therefore  it  is  possible  that 
transient  differences  in  CDG2  status  were  missed.  Interestingly,  the 
levels  of  CDC2,  Cyclin  B  and  CDC25c  (the  negative  regulator  of 
CDC2)  were  considerably  lower  in  02  insensitive  cell  lines  (HeyA8 
and  SKOV3)  compared  to  02  sensitive  cell  lines  (A2780, 
OVCAR5,  OVCAR8  and  HOC8)  (Figure  4A).  These  observations 
suggest  an  inherent  deficiency  in  the  core  components  involved  in 
the  G2/M  progression  in  the  02  insensitive  cell  lines. 

p53,  p21  and  14-3-3  a  are  factors  which  have  the  ability 
negatively  to  influence  CDC2  activity  and  G2/M  transition  [22]. 
Current  understanding  is  that  p53  and  p2 1  influence  cell  cycle  in 
hypoxic  and  hyperoxic  conditions  [23,24,35,36] .  Considering  the 
reduced  levels  of  CDC2  and  the  apparently  defective  G2/M 
checkpoint  in  the  02  insensitive  cell  lines  (HeyA8  and  SKOV3),  we 
explored  the  possibility  that  impairment  was  due  to  a  defect  in  any 
of  these  molecular  regulators.  Western  blot  analysis  found  p53  and 
p21  to  be  overexpressed  in  one  02-insensitive  cell  line  (HeyA8). 
However,  both  were  absent  in  the  other  02-insensitive  cell  line 
(SKOV3),  and  the  expression  pattern  for  these  proteins  remained 
unaltered  regardless  of  changes  in  02  or  serum  concentration 
(Figure  SI),  suggesting  that  neither  p53  nor  p21  is  relevant  to 
CDC2’s  function  in  02  sensitivity.  Interestingly,  we  observed  a 
considerable  elevation  in  the  expression  of  14-3-3  ct  (Figure  4A)  in 
the  02  insensitive  cell  lines  (HeyA8  and  SKOV3)  compared  to  the 
02-sensitive  cell  lines.  Although,  the  level  of  14-3-3  a  expression 
was  considerably  lower  in  all  02-sensitive  cell  lines  compared  to 
HeyA8  and  SKOV3,  we  did  observe  an  increase  in  the  expression  of 
14-3-3  ct  at  21%  02  with  A2780  (Figure  4A).  Although 
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Table  1.  FACS  profile  for  cell  cycle  analysis  with  ovarian  cancer  cells  that  were  grown  under  cell  culture  conditions  consisting  of 
increasing  serum  and  02  concentration. 


Cells 

Serum 

G1 

s 

G2 

3%  02 

21%  02 

p-value 

3%  02 

21%  02 

p-value 

3%  02 

21%  02 

p-value 

2% 

66.8±0.9 

62.5  ±0.2 

0.001 1 

25.6±1 

27.5±0.1 

0.02800 
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2% 
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0.0232 

16.3  ±0.6 

23.7  ±0.6 

<0.0001 

4.3±2.5 

3±1 

**NS** 

2% 
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contradictory  to  the  known  inhibitory  role  of  14-3-3  ct  on  CDC2 
activity,  we  concluded  that  high  levels  of  14-3-3  cj  combined  with 
reduced  levels  of  CDC2  in  a  proliferating  cancer  cell  may  indicate  a 
lack  of  control  of  G2/M  progression  in  response  to  02  levels. 

To  clarify  the  consequence  of  the  low  levels  of  CDC2  protein 
observed  in  the  02-insensitive  cell  lines,  we  determined  the 
functional  activity  of  the  remaining  CDC2  by  examining  the 
phosphorylation  of  two  of  its  substrates,  RB  and  WEE1. 
Phosphorylation  of  RB  at  the  Ser  807  residue  is  mediated  by 
CDC2  [32],  and  we  observed  this  phosphorylation  regardless  of 
CDC2  levels  or  02  levels  with  10%  serum  for  all  cell  lines  except 
HOG8  (Figure  4B),  indicating  unimpaired  CDC2  activity  in  these 
cell  lines.  A  reduction  in  phosphorylated  RB  correlated  with 
reduction  of  serum  concentration  (Figure  4B)  and  correlated  with 
increased  accumulation  of  total  RB  in  the  02-sensitive  cell  lines 
(A2780,  OVCAR5  and  OVCAR8),  but  not  in  HOC8  (Figure  4B). 
Total  RB  was  barely  detectable  in  the  02-insensitive  cell  lines 
(HeyA8  and  SKOV3)  (Figure  4B),  with  the  exception  of  2%  serum  at 
3%  02  condition  in  the  FleyA8  cell  line.  Interestingly,  a  comparison 
between  the  RB  expression  pattern  (Figure  4B)  and  cell  proliferation 
(Figure  2)  revealed  that  HOC8,  HeyA8  and  SKOV3  cells  grow 
better  in  cell  culture  medium  with  a  low  concentration  of  serum  (2%) 
compared  to  A2780,  OVCAR5  and  OVCAR8.  It  therefore  appears 
that  the  total  RB  protein  level  response  remains  intact  in  02-sensitive 
cell  lines  and  that  this  response  is  probably  more  relevant  to  serum 
concentrations  than  02  levels.  The  other  target  for  CDC2-mediated 
inactivation  by  phosphorylation  is  WEE1,  which  can  also  recipro¬ 
cally  inhibit  CDC2  function  by  phosphorylation  [37].  We  observed 
increased  phosphorylation  of  WEE  1  in  the  02  sensitive  cell  lines 
(A2780,  OVCAR5  and  OVCAR8),  barely  detectable  levels  in 
F10C8,  (Figure  4B)  and  a  complete  absence  in  the  02-insensitive  cell 
lines  (HeyA8  and  SKOV3,  Figure  4B).  This  pattern  was  largely 


recapitulated  for  total  WEE1  protein  levels  (Figure  4B).  Therefore, 
the  absence  of  phospho-WEEl  in  the  02-insensitive  cell  lines  does 
not  indicate  an  absence  of  CDC2  activity,  but  rather  an  absence  of 
the  WEE1  substrate.  From  these  results  we  concluded  that  despite 
the  reduced  amounts  of  GDC2  in  the  02-insensitive  cell  lines,  CDC2 
is  functionally  active  and  uninhibited  by  the  increased  levels  of  14-3- 
3  ct.  It  should  be  noted  that  RB  and  CDC2  act  upon  each  other  to 
regulate  each  others  function  [38],  and  phosphorylation  status  of  RB 
[26]  or  CDC2  [39]  could  influence  E2F  mediated  expression  of 
cyclins  that  are  essential  for  cell  cycle  progression.  Therefore, 
considering  this  complex  relationship  between  RB  and  CDC2,  the 
phosphorylation  pattern  of  RB  is  insufficient  to  predict  G2/M 
progression. 

In  summary,  the  02-sensitive  cell  lines  (A2780,  OVCAR5  and 
HOC8)  showed  increased  expression  of  CDG2  and  cyclin  B 
combined  with  low  level  of  14-3-3  ct  expression.  This  suggests  that 
the  cell  cycle  components  required  for  a  dynamic  proliferative 
response  to  differences  in  the  02  concentration  is  present  in  these 
cell  lines.  However  in  the  02-insensitive  cell  lines  that  express  high 
levels  of  14-3-3  ct  and  low  levels  of  GDC2  and  CDC25C  such  a 
dynamic  cell  cycle  response  to  changes  in  02  concentration  could 
be  impaired.  We  therefore  pursued  the  possibility  that  this  inverse 
correlation  between  14-3-3  ct  and  CDC2  might  be  important  for 
the  02-sensitive  regulation  of  G2/M  transition. 

14-3-3  c>  and  mitotic  progression  in  oxygen  sensitivity 

Our  previous  observations  suggest  an  association  between 
elevated  level  of  14-3-3  ct  and  02-insensitivity  that  needs  to  be 
confirmed.  Therefore,  we  wanted  to  confirm  that  14-3-3  ct  does 
indeed  affect  02-dependent  proliferation.  For  this  part  of  the  study, 
we  restricted  our  analysis  to  two  cell  lines  with  wild  type  p53:  the 
02-sensitive  A2780  [40],  and  02-insensitive  HeyA8  cell  lines  [41]. 
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Figure  4.  Western  blot  analysis  of  G2  cell  cycle  regulatory  proteins  and  the  relevance  to  02  sensitivity  in  the  ovarian  cancer  cell 
lines.  Protein  lysates  prepared  from  the  ovarian  cancer  cell  lines  maintained  in  growth  medium  consisting  of  increasing  concentrations  of  serum  and 
21%  or  3%  02  were  analyzed  by  Western  blot.  (A)  Compared  to  02  sensitive  cell  lines,  decreased  expression  of  the  core  components  involved  in  G2/M 
cell  cycle  progression  CDC2/cyclin  B1  complex  and  its  activator  CDC25c  is  observed  in  the  02  insensitive  cell  lines  (indicated  by  asterisk  and  italics), 
while  the  expression  of  14-3-3  a,  a  protein  that  inhibits  CDC2  is  elevated  in  the  02  insensitive  cell  lines.  (B)  Phosphorylation  of  RB  and  Weel  were 
monitored  as  an  indicator  for  CDC2  function  because  both  RB  and  Weel  are  known  targets  for  phosphorylation  by  CDC2.  Equal  loading  of  protein 
extracts  were  monitored  by  probing  the  stripped  Western  blots  with  the  primary  antibody  for  p-actin. 
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So  far  we  have  used  Western  blot  analysis  to  monitor  the  overall 
expression  levels  of  14-3-3  ct  and  CDC2  (Figure  4A).  However, 
since  the  functional  responses  of  these  proteins  are  dependent  on 
their  cellular  localization,  we  used  immunofluorescence  to  deter¬ 
mine  their  cellular  location  under  3%  02  and  21%  02.  In  the  02- 
sensitive  A2780  cell  line,  the  localization  of  14-3-3  a  was  restricted 
to  the  cytoplasm  under  3%  02  (Figure  5A),  but  was  found  in  both 
the  nucleus  and  cytoplasm  at  21%  02  (Figure  5A).  CDC2  was 
distributed  throughout  the  cell  and  its  localization  was  unaffected  by 
02  concentration.  It  therefore  appears  that  nuclear  exclusion  of  1 4- 
3-3  ct  correlates  with  a  decreased  fraction  of  cells  in  the  G2/M 
phase  and  an  uninhibited  cell  cycle  progression  when  A2780  is 
grown  at  3%  02,  as  noted  before  (Table  1).  In  contrast,  the  02- 
insensitive  HeyA8  cell  line  showed  high  levels  of  14-3-3  a  and  low 
levels  of  CDC2  (Figure  4A),  with  a  considerable  amount  of  14-3-3  ct 
in  the  cytoplasm  (Figure  5A).  Further,  14-3-3  ct  remained  excluded 
from  the  nucleus  even  at  21%  02  in  the  HeyA8  cells  (Figure  5A). 
These  observations  were  further  verified  by  Western  blot  analysis  of 
nuclear  and  cytosolic  cell  fractions  obtained  from  these  cells 
(Figure  5B).  Finally,  to  confirm  the  effect  on  G2/M  transition,  we 
determined  the  proportion  of  those  cells  in  M  phase  for  different  02 
concentrations  using  the  mitosis  specific  marker  phospho-histone 
H3.  In  the  02-sensitive  A2780  cells,  under  21%  02,  we  observed  a 
decrease  in  the  mitotic  index  (P<0.001),  compared  to  3%  02 
(Figure  5C).  No  such  02-dependent  change  in  mitotic  index  was 
observed  for  the  02-insensitive  HeyA8  cells  (Figure  5C).  These 
results  support  our  initial  conclusion,  that  the  02-insensitive  cells 
lines  have  a  deficiency  in  regulating  cell  cycle  progression  at  G2/M 
in  response  to  increased  02  levels  (Figure  2). 


The  levels  and  cellular  localization  of  14-3-3  ct  correlate  with  02- 
sensitive  proliferation.  To  demonstrate  a  direct  relationship,  we 
examined  whether  over-expression  of  14-3-3  ct  could  render  02- 
sensitive  A2780  cells  insensitive  to  02  and  conversely  whether 
reducing  the  levels  of  14-3-3  ct  in  02-insensitive  HeyA8  cells  could 
restore  02-sensitivity.  Transient  over-expression  of  14-3-3  c  in 
A2780  cells  reduced  cell  proliferation  (Figure  5D)  and  resulted  in  loss 
of  02-sensitivity.  Therefore,  merely  increasing  14-3-3  ct  expression 
results  in  its  inability  to  regulate  G2/M  in  the  absence  of  any  further 
genetic  alterations.  Conversely,  RNAi-mediated  silencing  of  14-3-3 
ct  expression  in  HeyA8  cells  (Figure  5E  -  Western  blot)  resulted  in  a 
substantial  increase  in  proliferation  under  3%  02  (Figure  5E  -  Bar 
graph).  Interestingly,  when  the  cells  from  the  same  siRNA 
transfection  were  placed  at  21%  oxygen,  14-3-3  ct  protein 
expression  was  induced,  reducing  the  knockdown  effect  of  the 
siRNA.  This  observation  also  suggests  an  02-dependent  transcrip¬ 
tional  response  by  14-3-3  ct.  Despite  this  transcriptional  response, 
we  still  observed  a  muted  growth  phenotype  at  2 1  %  02  under  these 
conditions.  Together  these  experiments  demonstrate  that  14-3-3  ct  is 
a  critical  factor  for  controlling  ovarian  cancer  cell  proliferation  in 
response  to  02  concentration. 

14-3-3  c>  is  frequently  highly  expressed  in  ovarian  cancer 
and  its  ineffectiveness  in  controlling  CDC2  is  relevant  to 
ovarian  tumor  pathology 

Considering  that  increased  expression  of  14-3-3  ct  provides 
some  indication  of  impaired  G2/M  control,  it  is  possible  that 
cancer  cell  lines  that  express  high  levels  of  14-3-3  ct  are  02- 
insensitive.  The  02-insensitive  ovarian  cancer  cell  lines  we  have 
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Figure  5.  14-3-3  sand  02  sensitivity.  (A)  Cellular  localization  by  immunofluoresence  shows  that  14-3-3  a  (Green)  is  located  in  the  cytoplasm  and 
CDC2  (Red)  is  present  in  the  nucleus  (Blue).  Compared  to  02  sensitive  A2780  cells,  the  level  of  14-3-3  a  is  higher  and  CDC2  is  low  in  the  02  insensitive 
HeyA8  cells.  In  the  02  sensitive  A2780,  14-3-3  a  is  localized  both  in  the  nucleus  and  cytoplasm  at  21%  02.  (A  dotted  yellow  line,  outlines  a 
representative  nuclei  to  indicate  relative  localization  of  14-3-3  a  and  CDC2  in  these  cells).  (B)  Western  blot  analysis  of  nuclear  and  cytoplasmic 
fractions  show  low  levels  of  14-3-3  a  in  the  nucleus  compared  to  cytoplasm,  with  increased  amounts  of  14-3-3  a  being  present  in  the  cytoplasm  of 
the  02  insensitive  HeyA8  cells.  The  level  of  CDC2  is  higher  both  in  the  nucleus  and  cytoplasm  of  the  02  sensitive  A2780,  but  present  in  lower  amount 
only  in  the  nucleus  of  02  insensitive  HeyA8  cells.  Histone  HI  and  (3— actin  were  used  as  loading  controls  for  nuclear  and  cytoplasmic  fractions, 
respectively.  (C)  Mitotic  cells  were  determined  by  counting  the  cells  that  stained  positively  for  a  mitosis  specific  marker,  Phospho-Histone  H3  from  the 
total  cell  population.  Mitotic  fractions  present  at  3%  or  21%  02  were  counted  in  both  A2780  and  HeyA8  and  represented  as  bar  graph.  A  significant 
increase  in  mitotic  index  (p>0.001,  indicated  by  asterisk)  was  observed  in  the  02  sensitive  A2780  at  3%  02,  but  not  in  the  02  insensitive  HeyA8  cells. 
(D)  Over-expression  of  14-3-3  a  in  the  02  sensitive  A2780  (Western  Blot)  results  in  loss  of  02  sensitivity  (Bar  graph).  For  the  cells  transfected  with 
empty  vector  (mock  transfection)  or  14-3-3  a  over-expression  construct,  the  percent  of  cell  proliferation  was  compared  with  proliferation  of  mock 
transfected  cells  grown  under  standard  tissue  culture  conditions  consisting  of  21%  02  (ambient),  and  (E)  in  the  converse  experiment  performed  with 
02  insensitive  HeyA8,  reducing  the  levels  of  14-3-3  a  by  siRNA  (Western  blot)  results  in  restoration  of  02  sensitivity  (Bar  graph).  For  the  cells 
transfected  with  scrambled  siRNA  (mock  transfection)  or  siRNA  against  14-3-3  a,  the  percent  of  cell  proliferation  was  compared  with  proliferation  of 
mock  transfected  cells  grown  under  standard  tissue  culture  conditions  consisting  of  21%  02 
doi:1 0.1 371/journal.pone.OOI  5864.g005 


thus  far  characterized  have  high  14-3-3  ct  (Figure  5A)  and  low 
CDC2  protein  levels.  It  is  conceivable  that  the  same  phenotypic 
defect  might  result  from  cells  with  unchecked  CDC2  activity, 
irrespective  of  14-3-3  ct  levels.  To  determine  the  frequency  of 
commonly  available  cancer  cell  lines  that  have  the  hallmarks  of 
02-insensitivity,  we  used  a  reverse  phase  protein  array  (RPPA)  and 
screened  57  different  ovarian  cancer  cell  lines  for  the  levels  of 
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14-3-3  ct  and  CDC2,  as  well  as  phospho-RB  as  an  indicator  of 
CDC2  activity.  Cell  lines  with  the  same  name  but  from  different 
labs  or  different  passages  were  considered  to  be  different.  We 
therefore  set  the  analysis  criteria  on  the  RPPA  array  to  detect  high 
phospho-RB  (P-RB)  and  either  high  14-3-3  ct  or  high  CDC2.  In 
the  context  of  high  levels  of  P-RB,  this  criteria  should  indicate  that 
either  14-3-3  cris  dysfunctional  or  that  active  CDC2  is  uninhibited, 
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perhaps  due  to  methylated  14-3-3  a  or  inhibition  of  CDC2 
degradation  [42]  We  observed  that  of  the  57  ovarian  cancer  cell 
lines  represented  in  the  RPPA,  28  cell  lines  (49%)  showed  high 
levels  of  14-3-3  ct  (Figure  6A)  of  which  16  cell  lines  (28%)  also  had 
increased  P-RB,  corresponding  to  the  02  insensitivity  pattern  we 
have  described.  Amongst  these  16  cell  lines,  6  also  have  increased 
levels  of  CDC2  while  the  remainder  had  decreased  levels  of 
CDC2.  This  suggests  that  this  protein  profile  is  not  exclusive  to  the 
cell  lines  we  originally  identified  and  might  be  representative  of  a 
relatively  common  phenomenon.  We  therefore  determined 
whether  this  02-insensitive  associated  14-3-3  ct/CDC2/P-RB 
protein  profile  is  also  observed  in  ovarian  tumor  samples.  Using 
the  same  criteria  as  with  the  cell  line  RPPA,  we  examined  205 
ovarian  tumor  specimens  using  RPPA.  This  analysis  revealed  that 
27%  of  ovarian  tumors  (56)  had  elevated  levels  of  both  14-3-3  ct 
and  P-RB,  and  amongst  these,  34  also  had  elevated  levels  of 
CDC2  expression  (Figure  6B).  These  results  are  very  comparable 
with  the  RPPA  analysis  of  the  ovarian  cancer  cell  lines  (Figure  6A). 

Ovarian  cancer  has  a  poor  survival  rate  and  this  is  often 
associated  with  metastatic  progression  [43],  The  02-insensitive 
associated  14-3-3  ct/CDC2/P-RB  protein  profile  suggests  an 
unrestricted  G2/M  control  in  response  to  changes  in  02  levels, 
such  as  a  migrating  or  metastatic  cancer  would  encounter. 
Therefore,  it  is  possible  that  this  protein  profile  is  associated  with 
poor  prognosis.  Using  the  02-insensitive  associated  protein  profile 
(high  P-RB  with  either  high  14-3-3  ct  or  high  CDC2)  we  identified 
47  of  158  tumors  with  associated  clinical  data.  A  Kaplan-Meier 
survival  estimate  shows  that  patients  with  the  02-insensitive 
associated  protein  profile  have  a  poor  survival  outcome  (less  than 
90  months  compared  to  200  months  observed  otheiwise, 
p  =  0.016,  Figure  6C).  Altogether  it  appears  that  the  02-insensitive 
associated  protein  profile  suggests  that  unrestricted  G2/M 
accompanies  a  substantial  proportion  of  ovarian  cancer  cells  and 
primary  tumor  samples.  Further,  this  02-insensitive  profile  is 
associated  with  poor  prognosis  for  this  disease. 

Elevated  14-3-3  a  expression  in  metastatic  ovarian 
tumors 

Flaving  observed  that  the  02-insensitive  associated  protein 
profile  (high  P-RB  with  either  high  14-3-3  a  or  high  CDG2)  is 
both  relatively  common  in  ovarian  cancer  and  associated  with 
poor  prognosis,  we  went  on  to  determine  directly  whether 
metastatic  ovarian  tumors  exhibit  an  overt  14-3-3  ct  signature. 
Of  note,  the  ovarian  tumors  represented  in  the  ovarian  tumor 
RPPA  are  from  primary  sites  and  thus  do  not  necessarily  provide 
an  accurate  representation  of  the  protein  profile  in  the  metastatic 
cancer.  We  therefore  expect  that  metastatic  tumors  or  primary 
tumors  that  give  rise  to  metastatic  tumors  will  exhibit  a  more  overt 
14-3-3  ct  signature  than  primary  tumors.  In  fact,  an  increased 
expression  of  14-3-3  ct  has  been  previously  reported  with  other 
tumors  [44]  and  a  functional  involvement  for  14-3-3  ct  in 
metastatic  disease  is  known  [45,46].  We  analyzed  14-3-3  ct 
expression  using  immunohistochemistry  on  paraffin  embedded 
tissues  obtained  from  10  different  metastatic  ovarian  tumors  and 
their  corresponding  primary  site  tumors.  We  consistently  observed 
intense  immunostaining  of  14-3-3  ct  in  8/10  metastatic  tumors 
and  the  corresponding  primary  tumors  (Figure  7 j-t).  In  contrast, 
the  primary  tumors  without  metastasis  at  diagnosis  showed 
moderate  immunostaining  for  14-3-3  a,  and  occasionally  intense 
staining  was  also  noted  (Figure  7 i).  Borderline  tumors  showed  a 
mild  to  moderate  staining  pattern  for  14-3-3  a,  while  in  normal 
tissues,  protein  levels  were  absent  or  diffusely  present  (Figure  7  a- 
c).  Increased  expression  of  14-3-3  ct  in  the  metastatic  primary 
tumors  compared  to  normal  tissue  or  malignant  tumors  without 


metastasis  were  observed  to  be  statistically  significant  by  the 
Fisher’s  exact  test  (Figure  7,  Bar  Graph).  The  high  level  of  14-3-3 
a  expression  offers  the  first  indication  of  the  manner  in  which 
regulation  of  G2/M  may  be  dysfunctional  in  these  tumors. 

Over-expression  of  14-3-3  a  in  metastatic  disease  is  not 
unexpected  and  has  been  previously  noted  [45,46,47],  However, 
we  speculate  the  reason  for  this  association  is  due  to  a  loss  of  02- 
sensitivity  and  that  this  provides  a  selective  advantage  for 
metastatic  progression.  Our  conclusion  is  that  02-sensitive  and 
insensitive  patterns  of  14-3-3  ct  and  CDC2  expression  are  readily 
detectable  and  common  to  cancer  cells,  regardless  of  whether  they 
are  grown  in  vivo  or  in  vitro.  Further,  these  expression  patterns  may 
have  prognostic  implications,  but  additional  experiments  will  be 
required  to  confirm  the  mechanistic  relevance  of  02-sensitivity  in 
the  clinical  progression  of  cancer. 

Discussion 

There  is  an  increasing  interest  to  study  cell  biology  under  the 
context  of  physiological  02  levels.  Investigations  with  primary 
mouse  embryonic  fibroblasts  comparing  the  effects  of  physiological 
(3%)  and  ambient  (21%)  oxygen,  show  that  21%  02  causes 
increased  oxidative  stress  and  induces  senescence  [4],  Several 
studies  conducted  with  embryonic  stem  (ES)  cells  reported  that 
characteristic  stem  cell  properties  are  preserved  only  when  ES  cells 
are  maintained  under  physiological  02-  ES  cells  otherwise 
differentiate  under  ambient  02  as  reviewed  in  [2].  This  prompted 
us  to  investigate  the  effects  of  physiological  (3%)  and  ambient 
(2 1  %)  oxygen  in  the  context  of  cancer.  With  A2780  ovarian  cancer 
cells  grown  under  21%  or  3%  02,  a  20%  growth  suppression  was 
observed  with  2 1  %  02  by  three  days  (Figure  2)  and  although  the 
proportional  changes  to  cell  cycle  profile  appear  small,  they  were 
significant  (Table  1).  The  accumulated  effect  of  these  differences  in 
proliferation  and  cell  cycle  resulted  in  a  2.6  fold  difference  to  the 
growth  of  the  cancer  cells  by  1 2  days  in  the  presence  of  different 
02  concentrations  (Figure  1).  This  observation  demonstrates  that 
standard  tissue  culture  conditions  may  adversely  impact  the  in  vitro 
proliferation  of  cancer,  which  is  primarily  a  disease  of  prolifera¬ 
tion.  Previous  studies  compared  the  growth  of  primary  mouse 
embryonic  fibroblast  cells  [4],  adult  human  fibroblasts  [48]  and 
human  cancer  cells  [8]  grown  under  physiological  (3—5%)  or 
ambient  (2 1  %)  02  and  observed  increased  cell  proliferation  under 
physiological  02.  In  this  study,  we  observed  similar  effects  with 
ovarian  cancer  cells  (A2780,  OVCAR5,  OVCAR8  and  HOC8  - 
Figure  2),  however  other  cells  lines  failed  to  respond  to  02 
concentration  (HeyA8  and  SKOV3)  (Figure  2).  These  proliferative 
responses  to  02  seem  to  affect  all  phases  of  the  cell  cycle, 
particularly  the  G1  and  S  phases  of  cell  cycle,  in  all  cell  lines. 
However,  only  the  G2  phase  was  affected  in  cell  lines  which 
displayed  proliferative  response  to  3%  02  (Table  1),  suggesting  the 
possibility  that  the  G2  phase  transition  of  the  cell  cycle  is  crucial 
for  regulating  proliferation  in  response  to  differences  in  3%  02 
levels.  A  change  in  the  G2  phase  in  response  to  02  levels  was 
reported  in  only  one  other  study  performed  with  Fanconi  anemia 
(FA)  cell  lines  [49],  Analogous  to  our  study,  the  experiments  with 
FA  cells  demonstrated  a  characteristic  G2  delay  with  standard 
tissue  culture  conditions  (20%  02),  but  a  reduced  proportion  of 
cells  in  G2  and  increased  proliferation  when  cultured  at  5%  02 
[49].  Furthermore,  growth  of  different  human  fibroblast  cells 
under  physiological  02  has  also  been  observed  to  be  accompanied 
by  a  reduction  in  the  G2  cell  population  [27,48].  Overall,  it 
appears  that  the  G2  phase  is  the  most  02-sensitive  phase  of  the  cell 
cycle.  Exploring  the  possible  molecular  mechanisms  that  render 
ovarian  cancer  cells  either  sensitive  or  insensitive  to  oxygen  has 
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Figure  6.  Reverse  phase  protein  array  data  analysis.  (A)  Hierarchical  clustering  of  normalized  RPPA  data  over  Phospho-RB  (Ser  807/81 1 ),  1 4-3-3 
a,  CDC2  and  p53  across  57  ovarian  cancer  cell  lines.  (B)  Hierarchical  clustering  of  normalized  RPPA  data  over  Phospho-RB  (Ser  807/811),  14-3-3  a, 
CDC2  and  p53  across  205  ovarian  tumors.  The  color  codes  for  overall  survival  represents  overall  survival  >24  months  (blue)  and  overall  survival  <24 
months  (pink).  The  color  codes  for  tumor  stage  represent  stage  I  (red),  stage  II  (green),  stage  III  (light-blue)  and  stage  IV  (dark-blue).  (C).  Kaplan-Meier 
survival  curve  for  the  RPPA  results  comparing  the  group  of  ovarian  tumors  with  high  Phospho-RB  and  high  14-3-3  cr  or  CDC2  (blue  line)  with  other 
expression  profiles  (red  line). 
doi:1 0.1 371/journal.pone.OOI  5864.g006 


clearly  demonstrated  that  it  is  14-3-3  a  and  its  inability  to  control 
CDC2  dependent  G2/M  transition  in  response  to  02  levels  that 
results  in  oxygen-insensitive  cell  lines.  Although  expression  of  14- 
3-3  ct  is  regulated  by  p53  [25],  we  observed  no  difference  in  the 
levels  of  p53  expression  under  different  oxygen  concentrations 
(Figure  SI),  suggesting  that  the  involvement  of  14-3-3  c  in  02- 
sensitivity  is  independent  of  p53.  If  the  decrease  in  14-3-3  a  is 
associated  with  oxygen-sensitive  increase  in  proliferation,  then 
silencing  the  expression  of  14-3-3  ct  in  oxygen-insensitive  cell  lines 
should  restore  proliferative  sensitivity  to  oxygen.  In  fact,  our 
experiments  show  that  RNAi  mediated  silencing  of  14-3-3  a  in 
HeyA8  cells  restored  oxygen  sensitivity  (Figure  5E)  and  in  a 


converse  experiment,  over-expression  of  14-3-3  ct  abolished 
oxygen  sensitivity  in  the  A2780  cell  line  (Figure  5D).  This  suggests 
that  high  levels  of  14-3-3  ct  protein  is  sufficient  to  restrict  the 
regulation  of  CDG2  mediated  G2/M  progression.  The  cytoplas¬ 
mic  restriction  of  overexpressed  14-3-3  ct  in  the  02-insenstive 
HeyA8  cells  provides  the  first  indication  for  the  possible 
mechanistic  basis  of  this  dysregulation  (Figure  5A).  Other  reports 
also  show  preferential  changes  to  cellular  localization  of  14-3-3  ct 
during  different  phases  of  the  cell  cycle  [50],  suggesting  that  cell 
cycle  changes  observed  with  oxygen  could  be  relevant  to  the  14-3- 
3  ct  localization  and  pattern  in  our  experiments.  Furthermore,  14- 
3-3  ct  is  actively  exported  out  of  nucleus  by  CRM1,  [51],  a  nuclear 
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Figure  7.  14-3-3  o  expression  and  ovarian  tumor  metastasis.  Immunohistochemical  analysis  of  14-3-3  a  in  ovarian  tissues  show  negative 
(hematoxylin  stained  blue  nucleus)  to  diffuse  staining  pattern  for  14-3-3  cr  (brown)  in  normal  ovarian  tissues  (a-c),  and  a  moderate  increase  in  the 
staining  intensity  localized  to  the  cytoplasm  is  observed  in  the  borderline  ovarian  tumors  (d-f).  In  the  malignant  tumors  without  any  metastatic 
disease  at  diagnosis,  14-3-3  a  expression  was  either  absent  (g),  or  stained  at  moderate  to  intense  levels  (h-i),  with  occasional  nuclear  staining  (i). 
Intense  nuclear  and  cytoplasmic  staining  for  14-3-3  o  was  observed  in  ovarian  tumors  with  metastatic  disease,  obtained  from  the  primary  site  of  the 
disease,  and  a  moderate  to  intense  staining  for  14-3-3  a  in  the  cytoplasm  or  both  nucleus  and  cytoplasm  of  the  corresponding  tumors  obtained  from 
the  metastatic  site  was  observed  [site  of  metastasis  -  (m)  appendix,  (n)  lymph  node  and  (o)  omentum].  The  quantitative  relationship  between  14-3-3 
a  expression  and  various  stages  of  ovarian  cancer  progression  is  represented  in  the  bar  graph,  and  the  statistical  analysis  for  correlation  of  expression 
with  pathological  grades  were  determined  by  a  Fisher's  exact  test. 
doi:1 0.1 371/journal.pone.OOI  5864.g007 


protein  that  is  frequently  over-expressed  in  ovarian  cancer  [52] .  A 
host  of  other  factors  such  as,  BRCA1,  p63  and  estrogen  induced 
zinc  finger  protein  (EFP)  are  also  known  to  regulate  the  levels  of 
14-3-3  ct  [53].  Therefore,  it  is  possible  that  14-3-3  ct  expression 
and  its  cellular  distribution  could  be  influenced  by  several  factors, 
independent  of  p53  (as  must  be  the  situation  in  the  Oz  insensitive 
p53  null  cell  line  SKOV3). 

The  differences  in  02-sensitivity  and,  consequently,  cell 
proliferation  is  most  important  when  trying  to  recapitulate  in  vivo 
responses  where  physiological  02  tensions  vary  from  2.7-5%  in 
the  interstitial  space  (where  many  cancer  cells  reside)  to  14.7%  in 
the  arterial  circulation  and  lung  [18].  Thus,  it  is  reasonable  to 
predict  that  if  02-sensitive  cancer  cells  were  to  dislodge  from  a 
primary  interstitial  space  and  migrate  to  the  lungs  via  blood 
circulation,  the  increased  02  concentration  would  restrict 
proliferation.  In  contrast,  we  speculate  that  oxygen  insensitive 
cancer  cells  would  have  a  selective  advantage  compared  to 
sensitive  ones,  being  better  able  to  thrive  in  the  conditions  of 
increased  oxygen  concentration.  In  fact,  14-3-3  a  is  frequently 
over-expressed  in  many  thyroid  [54],  colorectal  [55]  and  prostate 
[56]  tumors,  and  is  also  a  potential  target  for  therapeutic 
modulation  [55,56],  Our  results  provide  one  rationale  for  selecting 
the  cancers  best  suited  for  14-3-3  ct  targeted  therapy.  Oxygen 
insensitivity  observed  in  HeyA8  or  SKOV3  is  less  likely  an 
adaptation  to  in  vitro  growth  conditions  because  transient  over¬ 
expression  of  14-3-3  ct  renders  02-sensitive  A2780  cell  line 
insensitive  to  increased  levels  of  02  (Figure  5D),  and  over¬ 
expression  of  14-3-3  ct  is  observable  in  primary  tumors  with 
metastatic  potential  (Figure  7).  Oxygen  sensitivity  could  therefore 
be  an  important  factor  in  the  context  of  metastatic  spread  of 


cancer  because  over-expression  of  14-3-3  ct  is  frequently  observed 
in  metastatic  cancers,  including  this  study  (Figure  7)  and  others 
(gastric  [57],  endometrial  [58]  and  pancreatic  [59]).  However, 
epigenetic  inactivation  of  14-3-3  ct  by  gene  methylation  has  also 
been  reported  to  correlate  with  decreased  expression  of  14-3-3  ct 
in  cancer  progression  [60]  and  metastasis  of  certain  types  of 
tumors  [61].  Further,  a  correlation  with  a  functional  role  for  14-3- 
3  ct  in  promoting  tumor  invasion  and  metastasis  has  also  been 
demonstrated  [45,47,62].  Taken  together,  diere  is  ample  evidence 
to  support  that  over-expression  of  14-3-3  ct  is  relevant  to  tumor 
metastasis  and  therefore,  it  is  likely  that  02  insensitivity  associated 
with  over-expression  of  14-3-3  ct  may  have  a  pivotal  role  in 
metastatic  dissemination  of  tumors.  Further  support  to  demon¬ 
strate  the  explicit  role  of  14-3-3  ct  in  in  vivo  02  sensitivity  and  its 
relevance  to  metastasis  would  require  experiments  with  animal 
models. 

In  conclusion,  there  are  many  advantages  to  studying  cancer 
biology  under  physiological  02.  In  fact,  compared  to  cell 
propagation  under  physiological  02,  ambient  02  levels  are 
expected  to  result  in  oxidative  stress  [4],  mutation  proneness  and 
persistence  of  transformation  [63].  In  this  context,  we  have 
demonstrated  that  growing  cancer  cells  in  vitro  at  low  physiological 
02  (not  hypoxia),  compared  with  ambient  (2 1  %)  02  is  a  prudent 
approach  to  identify  and  understand  some  of  the  behavioral 
diversity  observed  in  cancer. 

Materials  and  Methods 

Cell  culture  and  Transfection 

Ovarian  cancer  cells  were  grown  in  RPMI  1640  (A2780, 
OVCAR5,  OVCAR8,  SKOV3)  or  DMEM  (HeyA8  and  HOC8) 
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supplemented  with  10%  heat  inactivated  Fetal  Bovine  Serum 
(Sigma  Aldrich,  St.Louis,  MO,  Cat^  F6178)  and  200  units  of 
penicillin/streptomycin  and  0.5  |tg  amphotericin-B.  Transfection 
was  performed  using  Amaxa  Nucleofector  technology  (Lonza)  as 
described  previously  [64],  Plasmid  pcDNA  3.0  HA  14-3-3  ct  was 
obtained  from  Addgene  (plasmid  1 1946  [65])  and  pcDNA  3.0  HA 
empty  vector  was  a  gift  front  Dr.  Y.  Shiio,  UTHSCSA.  14-3-3  ct 
siRNA  and  non-targeting  dsRNA  were  purchased  from  Dharma- 
con.  For  oxygen  exposures  we  used  Forma  Series  II  3110  water- 
jacketed  multigas  incubator  (Thermo  Fisher  scientific,  Waltham, 
MA)  with  built-in  C02  and  02  monitors  and  controllers.  To 
maintain  3%  02,  the  incubator  received  an  additional  supply  of 
nitrogen  gas. 

Cell  proliferation 

Cell  proliferation  was  determined  using  Celltitre-Glo  (Promega, 
Madison,  WI)  per  manufacturer  instructions,  as  described  previ¬ 
ously  [64],  Cells  were  seeded  to  a  final  density  of  100,  200  or  400 
cells  per  well  in  a  384  well  plate  containing  40  pi  of  growth  medium 
consisting  of  2%,  6%  or  10%  FBS  and  antibiotics.  Plates  were  then 
placed  in  a  humid  chamber  and  returned  to  the  incubators  of 
appropriate  oxygen  pressure.  After  3  days  of  incubation,  the 
number  of  cells  present  per  well  was  measured  using  Celltitre-Glo 
reagent,  as  described  previously  [64],  The  number  of  cells  per  well 
was  determined  using  a  standard  curve  based  on  ATP  concentra¬ 
tion,  as  recommended  by  the  manufacturer. 

Mitotic  Index 

The  number  of  mitotic  cells  were  quantified  based  the  method 
as  described  [66] .  Briefly,  96  well  collagen  coated  plates  were  used 
to  seed  cells  at  a  final  concentration  of  1000  cells/well  in  their 
respective  media.  Cells  were  then  incubated  for  three  days  at  37°C 
in  3%  or  21%  02.  Finally,  cells  were  washed,  resuspended  in 
phosphate  buffered  saline  and  stained  with  DAPI,  as  described 
[66] .  Images  of  stained  cells  were  acquired  using  a  Zeiss  Axiovert 
200M  inverted  fluorescent  microscope  using  10X  magnification 
and  Openlab  (PerkinElmer)  image  acquisition  software.  Using 
Image  J,  a  set  threshold  for  staining  intensity  was  used  to  count  the 
brightly  stained  nuclei,  with  obvious  chromatin  condensation  and 
the  mitotic  index  was  determined  based  on  the  ratio  of  number  of 
mitotic  cells  present  in  1000  cells,  as  described  [66], 

Protein  isolation  and  Western  blot  analysis 

Protein  lysates  and  western  blot  analysis  were  preformed  as 
previously  described  [64] .  The  immunoblots  were  probed  with  the 
appropriate  dilutions  of  primary  antibody  and  visualized  using 
either  Lumiglo  (Cell  signaling  technology)  or  the  ECL  plus  system 
(GE  Healthcare)  with  the  appropriate  horseradish  peroxidase- 
conjugated  secondary  antibody.  The  primary  antibodies  used  were 
Phospho  -  p53  (Ser  15),  total  p53,  Phospho  -  CDC2  (Tyr  15)  and 
Total  CDC2,  Phospho  -  Cyclin  B1  (Ser  133),  total  Cyclin  Bl, 
Phospho  -  CDC25C  (Thr  160),  total  CDC25C,  Phsopho  RB  (Ser 
807/811),  total  RB,  Phospho  -  WEE1  (Ser  642)  and  total  WEE1 
(Cell  signaling  technology),  p21,  14-3-3  ct  (Millipore)  and  (3-actin 
(Abeam).  Primary  antibody  dilutions  were  used  as  per  manufac¬ 
turer  instructions.  RB  and  WEE1  immunoblots  were  performed 
using  4—15%  gradient  gel  (Criterion  precast  gel,  Biorad). 

Flow  Cytometry 

Cells  were  tiypsinized  and  seeded  to  a  final  density  of  1  xlO6 
cells  per  well  in  a  10  cm  dish  containing  growth  medium, 
antibiotics  and  appropriate  concentrations  of  FBS.  Dishes  were 
then  returned  to  the  incubators  set  for  the  different  oxygen 


conditions.  Following  three  days  of  incubation,  cells  were 
harvested  and  prepared  for  FACS  analysis  as  described  previously 
[67].  Experiments  were  performed  in  triplicate.  Stained  cells  were 
analyzed  using  a  FACS  Canto  I  (BD  Biosciences)  flow  cytometer 
using  an  argon  laser  at  488  nm  wavelength.  Cell  cycle  analysis  was 
performed  using  Modfit  LT  (version  3.2)  software  (Verity  Software 
House). 

Quantification  of  M  phase  cells 

The  number  of  cells  in  M  phase  were  quantified  based  on 
mitosis-specific  histone  H3  phosphorylation  in  the  ovarian  cancer 
cell  lines  using  the  Cellomics®  Cell  Cycle  Kit  I  (Thermo  Scientific) 
as  per  the  manufacturer’s  recommended  protocol.  Briefly,  96  well 
collagen  coated  plates  were  used  to  seed  cells  at  a  final 
concentration  of  1000  cells/well  in  their  respective  media.  Cells 
were  then  incubated  for  three  days  at  37°C  in  3%  or  21%  02. 
Control  wells  were  treated  with  1.5  pg/ml  nocodazole  (Sigma 
Aldrich)  for  16  hours,  fixed  with  16%  formaldehyde,  permeabi- 
lized,  blocked  and  stained  with  reagents  consisting  anti-phospho- 
histone  H3  primary  antibody,  as  per  instructions  provided  in  the 
kit.  Stained  cells  were  analyzed  with  a  Zeiss  Axiovert  200M 
inverted  fluorescent  microscope  using  10X  magnification  and 
Openlab  (PerkinElmer)  image  acquisition  software.  100-250  cells 
per  replicate  were  counted  for  phospho-histone  H3  positive  cells. 

Immunolocalization  of  14-3-3  a  and  CDC2 

A2780  cells  transfected  with  a  14-3-3  ct  cDNA  expression 
construct  or  HeyA8  cells  transfected  with  14-3-3  ct  siRNA  were 
seeded  at  a  final  density  of  105  cells  per  fibronectin  (Sigma)  coated 
12.5  mm2  glass  coverslip  mounted  in  each  well  of  a  12-well  plate. 
Cells  were  maintained  in  complete  growth  medium  supplemented 
with  10%  fetal  bovine  serum  and  allowed  to  grow  for  three  days  in 
the  presence  of  21%  or  3%  oxygen.  For  the  detection  of  14-3-3  ct 
or  CDC2  by  immunofluorescence,  cells  were  processed  as 
described  previously  [68].  The  primary  antibodies  used  were 
mouse  monoclonal  14-3-3  ct  at  1.0  pg/mL  (Upstate)  and  rabbit 
polyclonal  total  CDC2  at  1: 1000  (Cell  Signaling).  Following  a  PBS 
wash,  the  cells  were  incubated  with  secondary  antibodies,  goat 
anti-mouse  AlexaFluor  488  and  goat  anti-rabbit  AlexaFluor  568 
(Invitrogen)  at  1:1000  dilution  in  blocking  buffer  for  1  hour  at 
room  temperature.  Cells  were  then  counterstained  with  DAPI 
(1:3000  dilution  in  PBS)  and  mounted  onto  microscope  slides  using 
Fluoromount-G.  Images  were  taken  at  63X  magnification  using 
the  Zeiss  Axiovert  200M  inverted  fluorescent  microscope  and 
Openlab  software  (PerkinElmer). 

Reverse  Phase  Protein  Array 

Protein  lysates  from  57  cancer  cell  lines  or  205  primary  ovarian 
cancer  tumors  were  spotted  in  RPPA  slides  and  processed  for 
expression  analysis,  as  described  previously  [69,70],  Data 
acquisition  and  processing  were  performed  as  described  previously 
[69].  Ovarian  cancer  specimens  were  obtained  from  Gynecology 
Tumor  Tissue  Bank  at  MD  Anderson  Cancer  Center,  following 
approval  from  the  Institutional  Review  Board  (BT). 

Normalization  and  Clustering 

log-transformed  RPPA  data  was  first  examined  to  remove  non 
ovarian  cancer  cell  lines.  We  then  examined  all  replicated 
representations  from  the  same  source  as  annotated  to  reduce 
down  to  57  ovarian  cancer  cell  lines  or  205  patient  samples  (from 
each  source)  by  taking  the  median  protein  expression  level  of  all 
replicates.  An  additional  cell-line  specific  normalization  step  was 
performed  in  which  median  expression  levels  for  each  protein  was 
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first  determined  and  then  subtracted  from  individual  RPPA 
experiments.  The  anchored  heatmap  (termed  after  anchored 
over/under-expression  orientation)  was  generated  by  requiring 
RB,  14-3-3  a  and  CDC2  to  be  arranged  from  over-expressed  to 
under-expressed  recursively  from  the  given  cell-line  order,  but 
exact  positions  of  each  protein  was  determined  by  hierarchical 
clustering  algorithm  with  Euclidean  distance  as  similarity  measure 
and  average  lineage  from  all  cell-lines,  as  shown  in  Figure  6  A&B). 
Raw  data  obtained  from  RPPA  for  the  expression  of  Phospho  RB, 
14-3-3  a  and  CDC2  is  provided  in  the  supplementary  tables  (for 
ovarian  cancer  cell  lines,  see  Table  S2,  and  for  ovarian  cancer 
patient  specimens,  see  Table  S3) 

Immunohistochemistry 

Tissue  arrays  (OV951-1)  consisting  of  normal  and  malignant 
tissues  from  primary  or  metastatic  sites  were  purchased  from  US 
Biomax  Inc.  Slides  were  processed  for  immunohistochemistry  and 
analyzed,  as  described  previously  [71].  14-3-3  ct  (Upstate)  was 
used  at  1:50  dilution  for  incubation  with  primary  antibody  and 
subsequent  steps  were  performed  using  the  Dako  universal  LSAB 
kit  with  DAB  as  described  by  the  manufacturer. 

Statistical  Analyses 

To  determine  significant  differences  to  proliferation  under  3%  or 
2 1  %  02,  a  Student  t-test  was  performed,  and  AJVOVA  was  performed 
to  compare  the  different  cell  cycle  profiles  with  the  panel  of  ovarian 
cancer  cell  lines.  Kaplan-Meier  survival  analysis  with  p-value 
determined  with  log-rank  test  was  performed  using  MATLAB 
(Mathworks,  Natick,  MA)  for  RPPA  data  consisting  patient 
specimens.  For  Kaplan-Meier  survival  analysis  the  data  was 
censored  based  on  patient’s  vital  status.  Statistical  analysis  for  the 
correlation  of  14-3-3  ct  expression  with  the  various  pathological 
grades  of  ovarian  tumors  determined  based  on  immunohistochem¬ 
istry  was  analyzed  by  a  Fisher’s  exact  test  using  R. 

Supporting  Information 

Figure  SI  Western  blot  analysis  of  phospho  and  total 
p53,  and  p21,  which  are  major  upstream  regulators  of 
G2/M  cell  cycle  progression  and  the  relevance  to  21%  or 
3%  02  in  ovarian  cancer  cells.  02  insensitive  cell  lines  are 
indicated  by  asterisk  and  italics. 

(EPS) 


References 

1 .  Sullivan  M,  Galea  P,  Latif  S  (2006)  What  is  the  appropriate  oxygen  tension  for  in 
vitro  culture?  Mol  Hum  Reprod  12:  653. 

2.  Gsete  M  (2005)  Oxygen  in  the  cultivation  of  stem  cells.  Ann  N  Y  Acad  Sci  1049: 
1-8. 

3.  Hornsby  PJ  (2003)  Mouse  and  human  cells  versus  oxygen.  Sci  Aging  Knowledge 
Environ  2003:  PE21. 

4.  Parrinello  S,  Samper  E,  Krtolica  A,  Goldstein  J,  Melov  S,  et  al.  (2003)  Oxygen 
sensitivity  severely  limits  the  replicative  lifespan  of  murine  fibroblasts.  Nat  Cell 
Biol  5:  741-747. 

5.  ShayJW,  Wright  WE  (2007)  Tissue  culture  as  a  hostile  environment:  identifying 
conditions  for  breast  cancer  progression  studies.  Cancer  Cell  12:  100—101. 

6.  Ince  TA,  Richardson  AL,  Bell  GW,  Saitoh  M,  Godar  S,  et  al.  (2007) 
Transformation  of  different  human  breast  epithelial  cell  types  leads  to  distinct 
tumor  phenotypes.  Cancer  Cell  12:  160—170. 

7.  Frieboes  HB,  Edgerton  ME,  Fruehauf  JP,  Rose  FR,  Worrall  LK,  et  al.  (2009) 
Prediction  of  drug  response  in  breast  cancer  using  integrative  experimental/ 
computational  modeling.  Cancer  Res  69:  4484—4492. 

8.  Sridhar  KS,  Plasse  TF,  Holland  JF,  Shapiro  M,  Ohnuma  T  (1983)  Effects  of 
physiological  oxygen  concentration  on  human  tumor  colony  growth  in  soft  agar. 
Cancer  Res  43:  4629-4631. 

9.  Gupta  V,  Krishan  A  (1982)  Effect  of  oxygen  concentration  on  the  growth  and 
drug  sensitivity  of  human  melanoma  cells  in  soft-agar  clonogenic  assay.  Cancer 
Res  42:  1005-1007. 


Table  SI  In  vitro  cell  doubling  time  for  the  ovarian 
cancer  cell  lines. 

(XLS) 

Table  S2  Raw  data  from  cell  line  RPPA  for  Phospho-Rb, 
p53,  CDC2  and  14-3-3  a  expression.  The  table  contains 
following  columns:  1)  Unique  ID,  2)  Original  cell-line  or  with 
treatment,  3)  Cell-line’s  contributing  Lab/ source;  4)  Cell  type,  5) 
Cell-line  name,  6-9)  log2  transformed  protein  expression  ratios 
(14-3-3  ct,  CDC2,  p-Rb,  and  p53)  as  the  raw  measurement 
provided  by  the  MD  Anders  Cancer  Center  RPPA  core  facility. 
(XLS) 

Table  S3  Raw  data  from  OVSS2  RPPA  for  Phospho  Rb, 
CDC2  and  14-3-3  <r  expression.  The  table  contains  following 
columns:  1)  Unique  ID,  2)  Tumor  ID  in  various  databases  (DBs), 
3)  Tumor  source  institution;  4)  patient  age  at  diagnosis  (in  months), 
5)  tumor  stage,  6)  grade  (HG:  high  grade,  LG:  low  grade,  empty: 
unknown),  7)  Overall  survival  (in  months),  8)  Vital  Status  (0:  alive, 
1:  dead),  9-12)  log2  transformed  protein  expression  ratios  (14-3-3 
ct,  CDC2,  p53  and  p-Rb)  as  the  raw  measurement  provided  by  the 
MD  Anderson  Cancer  Center  RPPA  core  facility. 

(XLS) 


Acknowledgments 

We  thank  Ms.  Jennifer  Rebels  at  the  Greehey  Children’s  Cancer  Research 
Institute  core  facility,  UTHSCSA  for  FACS  analysis.  We  thank  Ms. 
Michelle  M.  Brady  at  the  Greehey  Children’s  Cancer  Research  Institute 
histology  core  facility  for  immunocytochemistry  processing  of  tumor 
specimens  and  Ms.  Uthra  Suresh  at  the  Greehey  Children’s  Cancer 
Research  Institute,  UTHSCSA  for  the  statistical  analysis  of  the  data.  We 
thank  Ms.  Alison  Claybon  for  grammar  checks  and  making  corrections  to 
the  manuscript.  We  thank  Dr.  Peter  Hornsby,  Department  of  Physiology, 
UTHSCSA  for  constructive  criticism  of  the  manuscript. 

Author  Contributions 

Conceived  and  designed  the  experiments:  DR  AJRB.  Performed  the 
experiments:  DR  BK  AB  TTG.  Analyzed  the  data:  DR  YC  BK  AB  AJRB. 
Contributed  reagents/materials/analysis  tools:  YC  JL  MSC  BTH  AJRB. 
Wrote  the  paper:  DR  YC  BK  AB  AJRB. 


10.  Carrera  S,  de  Verdier  PJ,  Khan  Z,  Zhao  B,  Mahale  A,  et  al.  (2010)  Protection  of 
cells  in  physiological  oxygen  tensions  against  DNA  damage-induced  apoptosis. 
J  Biol  Chem  285:  13658-13665. 

11.  Laser  H  (1937)  Tissue  metabolism  under  the  influence  of  low  oxygen  tension. 
Biochem  J  31:  1671-1676. 

12.  Green  DR,  ChipukJE  (2006)  p53  and  metabolism:  Inside  the  TIGAR.  Cell  126: 
30-32. 

13.  Powers  DE,  Millman  JR,  Huang  RB,  Colton  CK  (2008)  Effects  of  oxygen  on 
mouse  embryonic  stem  cell  growth,  phenotype  retention,  and  cellular  energetics. 
Biotechnol  Bioeng  101:  241-254. 

14.  Pouyssegur  J,  Dayan  F,  Mazure  NM  (2006)  Hypoxia  signalling  in  cancer  and 
approaches  to  enforce  tumour  regression.  Nature  441:  437—443. 

15.  Magagnin  MG,  Koritzinsky  M,  Wouters  BG  (2006)  Patterns  of  tumor 
oxygenation  and  their  influence  on  the  cellular  hypoxic  response  and  hypoxia- 
directed  therapies.  Drug  Resist  Updat  9:  185-197. 

16.  Brizel  DM,  Rosner  GL,  Prosnitz  LR,  Dewhirst  MW  (1995)  Patterns  and 
variability  of  tumor  oxygenation  in  human  soft  tissue  sarcomas,  cervical 
carcinomas,  and  lymph  node  metastases.  Int  J  Radiat  Oncol  Biol  Phys  32: 
1121-1125. 

17.  Brown  JM,  Giaccia  AJ  (1998)  The  unique  physiology  of  solid  tumors: 
opportunities  (and  problems)  for  cancer  therapy.  Cancer  Res  58:  1408—1416. 

18.  Treacher  DF,  Leach  RM  (1998)  Oxygen  transport- 1.  Basic  principles.  Bmj  317: 
1302-1306. 


PLoS  ONE  |  www.plosone.org 


12 


January  2011  |  Volume  6  |  Issue  1  |  el 5864 


Oxygen  and  Cancer  Cell  Cycle 


19.  Pantel  K,  Brakenhoff  RH  (2004)  Dissecting  the  metastatic  cascade.  Nat  Rev 
Cancer  4:  448-456. 

20.  Sherr  CJ  (2004)  Principles  of  tumor  suppression.  Cell  116:  235-246. 

21.  Payton  M,  Chung  G,  Yakowec  P,  Wong  A,  Powers  D,  et  al.  (2006)  Discovery 
and  evaluation  of  dual  CDK1  and  CDK2  inhibitors.  Cancer  Res  66: 
4299-4308. 

22.  Taylor  WR,  Stark  GR  (2001)  Regulation  of  the  G2/M  transition  by  p53. 
Oncogene  20:  1803-1815. 

23.  Graeber  TG,  Peterson  JF,  Tsai  M,  Monica  K,  Fornace  AJ,  Jr.,  et  al.  (1994) 
Hypoxia  induces  accumulation  of  p53  protein,  but  activation  of  a  G1  -phase 
checkpoint  by  low-oxygen  conditions  is  independent  of  p53  status.  Mol  Cell  Biol 
14:  6264-6277. 

24.  Das  KC,  Dashnamoorthy  R  (2004)  Hyperoxia  activates  the  ATR-Chkl  pathway 
and  phosphorylates  p53  at  multiple  sites.  Am  J  Physiol  Lung  Cell  Mol  Physiol 
286:  L87-97. 

25.  Hermeking  H,  Lengauer  C,  Polyak  K,  He  TC,  Zhang  L,  et  al.  (1997)  14-3-3 
sigma  is  a  p53-regulated  inhibitor  of  G2/M  progression.  Mol  Cell  1:  3—1 1. 

26.  Eguchi  T,  Takaki  T,  Itadani  H,  Kotani  H  (2007)  RB  silencing  compromises  the 
DNA  damage-induced  G2/M  checkpoint  and  causes  deregulated  expression  of 
the  ECT2  oncogene.  Oncogene  26:  509-520. 

27.  Balin  AK,  Goodman  DB,  Rasmussen  H,  Cristofalo  VJ  (1978)  Oxygen-sensitive 
stages  of  the  cell  cycle  of  human  diploid  cells.  J  Cell  Biol  78:  390—400. 

28.  Stark  GR,  Taylor  WR  (2006)  Control  of  the  G2/M  transition.  Mol  Biotechnol 
32:  227-248. 

29.  Kaldis  P,  Aleem  E  (2005)  Cell  cycle  sibling  rivalry:  Cdc2  vs.  Cdk2.  Cell  Cycle  4: 
1491-1494. 

30.  Lindqvist  A,  Rodriguez-Bravo  V,  Medema  RH  (2009)  The  decision  to  enter 
mitosis:  feedback  and  redundancy  in  the  mitotic  entry  network.  J  Cell  Biol  185: 
193-202. 

31.  Kishimoto  T  (1994)  Cell  reproduction:  induction  of  M-phase  events  by  cyclin- 
dependent  cdc2  kinase.  Int  J  Dev  Biol  38:  185-191. 

32.  Lees  JA,  Buchkovich  KJ,  Marshak  DR,  Anderson  CW,  Harlow  E  (1991)  The 
retinoblastoma  protein  is  phosphorylated  on  multiple  sites  by  human  cdc2. 
EmboJ  10:  4279-4290. 

33.  Berry  LD,  Gould  KL  (1996)  Regulation  of  Cdc2  activity  by  phosphorylation  at 
T14/Y15.  Prog  Cell  Cycle  Res  2:  99-105. 

34.  Shibuya  EK  (2003)  G2  cell  cycle  arrest — a  direct  link  between  PKA  and 
Cdc25C.  Cell  Cycle  2:  39-41. 

35.  Roy  S,  Khanna  S,  Bickerstaff  AA,  Subramanian  SV,  Atalay  M,  et  al.  (2003) 
Oxygen  sensing  by  primary  cardiac  fibroblasts:  a  key  role  of  p21(Wafl/Cipl/ 
Sdil).  Circ  Res  92:  264-271. 

36.  Lees  SJ,  Childs  TE,  Booth  FW  (2008)  p21(Cipl)  expression  is  increased  in 
ambient  oxygen,  compared  to  estimated  physiological  (5%)  levels  in  rat  muscle 
precursor  cell  culture.  Cell  Prolif  41:  193-207. 

37.  Kim  SY,  Ferrell  JE,  Jr.  (2007)  Substrate  competition  as  a  source  of 
ultrasensitivity  in  the  inactivation  of  Weel.  Cell  128:  1133—1145. 

38.  Dalton  S  (1992)  Cell  cycle  regulation  of  the  human  cdc2  gene.  EmboJ  11: 
1797-1804. 

39.  Smith  EM,  Proud  CG  (2008)  cdc2-cyclin  B  regulates  eEF2  kinase  activity  in  a 
cell  cycle-  and  amino  acid-dependent  manner.  EmboJ  27:  1005—1016. 

40.  Astanehe  A,  Arenillas  D,  Wasserman  WW,  Leung  PC,  Dunn  SE,  et  al.  (2008) 
Mechanisms  underlying  p53  regulation  of  PIK3CA  transcription  in  ovarian 
surface  epithelium  and  in  ovarian  cancer.  J  Cell  Sci  121:  664—674. 

41.  Armaiz-Pena  GN,  Mangala  LS,  Spannuth  WA,  Lin  YG,  Jennings  NB,  et  al. 
(2009)  Estrous  cycle  modulates  ovarian  carcinoma  growth.  Clin  Cancer  Res  15: 
2971-2978. 

42.  Urano  T,  Saito  T,  Tsukui  T,  Fujita  M,  Hosoi  T,  et  al.  (2002)  Efp  targets  14-3-3 
sigma  for  proteolysis  and  promotes  breast  tumour  growth.  Nature  417:  871—875. 

43.  Ramirez  PT,  Landen  CN,  Jr.,  Coleman  RL,  Milam  MR,  Levenback  C,  et  al. 
(2008)  Phase  I  trial  of  the  proteasome  inhibitor  bortezomib  in  combination  with 
carboplatin  in  patients  with  platinum-  and  taxane-resistant  ovarian  cancer. 
Gynecol  Oncol  108:  68-71. 

44.  Li  Z,  LiuJY,  Zhang  JT  (2009)  14-3-3sigma,  the  double-edged  sword  of  human 
cancers.  Am  J  Transl  Res  1:  326-340. 

45.  Ghahary  A,  Karimi-Busheri  F,  Marcoux  Y,  Li  Y,  Tredget  EE,  et  al.  (2004) 
Keratinocyte-releasable  stratifin  functions  as  a  potent  collagenase-stimulating 
factor  in  fibroblasts.  J  Invest  Dermatol  122:  1188-1197. 

46.  Ghahary  A,  Marcoux  Y,  Karimi-Busheri  F,  Li  Y,  Tredget  EE,  et  al.  (2005) 
Differentiated  keratinocyte-releasable  stratifin  (14-3-3  sigma)  stimulates  MMP-1 
expression  in  dermal  fibroblasts.  J  Invest  Dermatol  124:  170—177. 

47.  Lam  E,  Kilani  RT,  Li  Y,  Tredget  EE,  Ghahary  A  (2005)  Stratifin-induced 
matrix  metalloproteinase- 1  in  fibroblast  is  mediated  by  c-fos  and  p38  mitogen- 
activated  protein  kinase  activation.  J  Invest  Dermatol  125:  230—238. 


48.  Poot  M,  Schindler  D,  Kubbies  M,  Hoehn  H,  Rabinovitch  PS  (1988) 
Bromodeoxyuridine  amplifies  the  inhibitory  effect  of  oxygen  on  cell  prolifera¬ 
tion.  Cytometry  9:  332-338. 

49.  Poot  M,  Gross  O,  Epe  B,  Pflaum  M,  Hoehn  H  (1996)  Cell  cycle  defect  in 
connection  with  oxygen  and  iron  sensitivity  in  Fanconi  anemia  lymphoblastoid 
cells.  Exp  Cell  Res  222:  262-268. 

50.  Moreira  JM,  Shen  T,  Ohlsson  G,  Gromov  P,  Gromova  I,  et  al.  (2008)  A 
combined  proteome  and  ultrastructural  localization  analysis  of  1 4-3-3  proteins  in 
transformed  human  amnion  (AMA)  cells:  definition  of  a  framework  to  study 
isoform-specific  differences.  Mol  Cell  Proteomics  7:  1225—1240. 

51.  van  Hemert  MJ,  Niemantsverdriet  M,  Schmidt  T,  Backendorf  C,  Spaink  HP 
(2004)  Isoform-specific  differences  in  rapid  nucleocytoplasmic  shuttling  cause 
distinct  subcellular  distributions  of  14-3-3  sigma  and  14-3-3  zeta.  J  Cell  Sci  117: 
1411-1420. 

52.  Noske  A,  Weichert  W,  Niesporek  S,  Roske  A,  Buckendahl  AC,  et  al.  (2008) 
Expression  of  the  nuclear  export  protein  chromosomal  region  maintenance/ 
exportin  1/Xpol  is  a  prognostic  factor  in  human  ovarian  cancer.  Cancer  112: 
1733-1743. 

53.  Mhawech  P  (2005)  14-3-3  proteins — an  update.  Cell  Res  15:  228-236. 

54.  Ito  Y,  Miyoshi  E,  Uda  E,  Yoshida  H,  Uruno  T,  et  al.  (2003)  14-3-3  sigma 
possibly  plays  a  constitutive  role  in  papillary  carcinoma,  but  not  in  follicular 
tumor  of  the  thyroid.  Cancer  Lett  200:  161—166. 

55.  Perathoner  A,  Pirkebner  D,  Brandacher  G,  Spizzo  G,  Stadlmann  S,  et  al.  (2005) 
14-3-3sigma  expression  is  an  independent  prognostic  parameter  for  poor 
survival  in  colorectal  carcinoma  patients.  Clin  Cancer  Res  11:  3274—3279. 

56.  Quayle  SN,  Sadar  MD  (2007)  14-3-3  sigma  increases  the  transcriptional  activity 
of  the  androgen  receptor  in  the  absence  of  androgens.  Cancer  Lett  254: 
137-145. 

57.  Tanaka  K,  Hatada  T,  Kobayashi  M,  Mohri  Y,  Tonouchi  H,  et  al.  (2004)  The 
clinical  implication  of  14-3-3  sigma  expression  in  primary  gastrointestinal 
malignancy.  Int  J  Oncol  25:  1591-1597. 

58.  Nakayama  H,  Sano  T,  Motegi  A,  Oyama  T,  Nakajima  T  (2005)  Increasing  14- 
3-3  sigma  expression  with  declining  estrogen  receptor  alpha  and  estrogen- 
responsive  finger  protein  expression  defines  malignant  progression  of  endome¬ 
trial  carcinoma.  Pathol  Int  55:  707-715. 

59.  Okada  T,  Masuda  N,  Fukai  Y,  Shimura  T,  Nishida  Y,  et  al.  (2006) 
Immunohistochemical  expression  of  14-3-3  sigma  protein  in  intraductal 
papillary-mucinous  tumor  and  invasive  ductal  carcinoma  of  the  pancreas. 
Anticancer  Res  26:  3105—3110. 

60.  Cheng  L,  Pan  CX,  Zhang  JT,  Zhang  S,  Kinch  MS,  et  al.  (2004)  Loss  of  14-3- 
3sigma  in  prostate  cancer  and  its  precursors.  Clin  Cancer  Res  10:  3064—3068. 

61.  Yi  B,  Tan  SX,  Tang  CE,  Huang  WG,  Cheng  AL,  et  al.  (2009)  Inactivation  of 
14-3-3  sigma  by  promoter  methylation  correlates  with  metastasis  in  nasopha¬ 
ryngeal  carcinoma.  J  Cell  Biochem  106:  858-866. 

62.  Chavez-Munoz  C,  Morse  J,  Kilani  R,  Ghahary  A  (2008)  Primary  human 
keratinocytes  externalize  stratifin  protein  via  exosomes.  J  Cell  Biochem  104: 
2165-2173. 

63.  Busuttil  RA,  Rubio  M,  Dolle  ME,  Campisi  J,  VijgJ  (2003)  Oxygen  accelerates 
the  accumulation  of  mutations  during  the  senescence  and  immortalization  of 
murine  cells  in  culture.  Aging  Cell  2:  287—294. 

64.  Ravi  D,  Wiles  AM,  Bhavani  S,  Ruan  J,  Leder  P,  et  al.  (2009)  A  network  of 
conserved  damage  survival  pathways  revealed  by  a  genomic  RNAi  screen.  PLoS 
Genet  5:  e  1000527. 

65.  Wilker  EW,  Grant  RA,  Artim  SC,  Yaffe  MB  (2005)  A  structural  basis  for  14-3- 
3sigma  functional  specificity.  J  Biol  Chem  280:  18891-18898. 

66.  Tarnowski  BI,  Sens  DA,  Nicholson  JH,  Hazen-Martin  DJ,  Garvin  AJ,  et  al. 
(1993)  Automatic  quantitation  of  cell  growth  and  determination  of  mitotic  index 
using  DAPI  nuclear  staining.  Pediatr  Pathol  13:  249-265. 

67.  Ravi  D,  Muniyappa  H,  Das  KC  (2005)  Endogenous  thioredoxin  is  required  for 
redox  cycling  of  anthracyclines  and  p53-dependent  apoptosis  in  cancer  cells. 
J  Biol  Chem  280:  40084-40096. 

68.  Ravi  D,  Das  KC  (2004)  Redox-cycling  of  anthracyclines  by  thioredoxin  system: 
increased  superoxide  generation  and  DNA  damage.  Cancer  Chemother 
Pharmacol  54:  449-458. 

69.  Zhang  L,  Wei  Q,  Mao  L,  Liu  W,  Mills  GB,  et  al.  (2009)  Serial  dilution  curve:  a 
new  method  for  analysis  of  reverse  phase  protein  array  data.  Bioinformatics  25: 
650-654. 

70.  Stemke-Hale  K,  Gonzalez- Angulo  AM,  Lluch  A,  Neve  RM,  Kuo  WL,  et  al. 
(2008)  An  integrative  genomic  and  proteomic  analysis  of  PIK3CA,  PTEN,  and 
AKT  mutations  in  breast  cancer.  Cancer  Res  68:  6084—6091. 

71.  Ravi  D,  Ramadas  K,  Mathew  BS,  Nalinakumari  KR,  Nair  MK,  et  al.  (1999)  De 
novo  programmed  cell  death  in  oral  cancer.  Histopathology  34:  241—249. 


PLoS  ONE  |  www.plosone.org 


13 


January  2011  |  Volume  6  |  Issue  1  |  el 5864 


APPENDIX  5 


Elsevier  Editorial  System(tm)  for  DNA  Repair 
Manuscript  Draft 


Manuscript  Number:  DNAR  13-0059R1 

Title:  Induction  of  Homologous  Recombination  Following  in  utero  Exposure  to  DNA-Damaging  Agents 


Article  Type:  Research  Paper 

Keywords:  Homologous  recombination;  DNA  damaging  agents;  mouse;  pink-eyed  unstable;  in  utero 
exposure;  in  vivo 

Corresponding  Author:  Dr.  Alexander  J  R  Bishop,  DPhil 
Corresponding  Author's  Institution:  UTHSCSA 
First  Author:  Bijal  Karia,  BS 

Order  of  Authors:  Bijal  Karia,  BS;  Jo  Ann  Martinez;  Alexander  J  R  Bishop,  DPhil 

Abstract:  Much  of  our  understanding  of  homologous  recombination,  as  well  as  the  development  of  the 
working  models  for  these  processes,  has  been  derived  from  extensive  work  in  model  organisms,  such 
as  yeast  and  fruit  flies,  and  mammalian  systems  by  studying  the  repair  of  induced  double  strand  breaks 
or  repair  following  exposure  to  genotoxic  agents  in  vitro.  We  therefore  set  out  to  expand  this  in  vitro 
work  to  ask  whether  DNA-damaging  agents  with  varying  modes  of  action  could  induce  somatic  change 
in  an  in  vivo  mouse  model  of  homologous  recombination.  We  exposed  pregnant  dams  to  DNA- 
damaging  agents,  conferring  a  variety  of  lesions  at  a  specific  time  in  embryo  development.  To  monitor 
homologous  recombination  frequency,  we  used  the  well-established  retinal  pigment  epithelium  pink¬ 
eyed  unstable  assay.  Homologous  recombination  resulting  in  the  deletion  of  a  duplicated  70  kb 
fragment  in  the  coding  region  of  the  Oca2  gene  renders  this  gene  functional  and  can  be  visualized  as  a 
pigmented  eyespot  in  the  retinal  pigment  epithelium.  We  observed  an  increased  frequency  of 
pigmented  eyespots  in  resultant  litters  following  exposure  to  cisplatin,  methyl  methanesulfonate,  ethyl 
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utero  Exposure  to  DNA-Damaging  Agents"  for  your  kind  consideration  as  a  research  article  in  DNA 
Repair. 

In  this  paper  we  set  out  to  ask  whether  DNA-damaging  agents  with  varying  modes  of  action  can 
induce  somatic  change  in  the  in  vivo  pun  mouse  model  of  homologous  recombination.  Extensive  tissue 
culture  work  has  been  done  to  study  the  repair  of  induced  double  strand  breaks  or  repair  following 
exposure  to  genotoxic  agents,  but  here  we  look  at  the  role  of  homologous  recombination  in  an  in 
vivo  model  system  and  its  ability  to  repair  strand  breaks,  alkylation  damage  and  replication  block 
associated  damage,  among  others.  Further,  the  fact  that  these  DNA  damaging  agents  are  used  in 
chemotherapy  may  have  implications  when  administered  in  utero  to  a  developing  fetus;  in  the 
context  of  increased  somatic  genetic  variation  providing  an  environment  conducive  to  increased 
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HR  repairs  a  variety  of  DNA  lesions  as  measured  by  the  pun  assay 

In  utero  exposure  to  cisplatin  and  alkylation  damage  increased  HR  frequency 

In  utero  exposure  to  PARP  inhibition  and  bleomycin  increased  HR  frequency 

In  utero  exposure  to  etoposide  increased  HR  frequency 

In  utero  exposure  to  camptothecin  and  HU  decreased  HR  frequency 


Abstract 


Abstract 

Much  of  our  understanding  of  homologous  recombination,  as  well  as  the 
development  of  the  working  models  for  these  processes,  has  been  derived  from  extensive 
work  in  model  organisms,  such  as  yeast  and  fruit  flies,  and  mammalian  systems  by 
studying  the  repair  of  induced  double  strand  breaks  or  repair  following  exposure  to 
genotoxic  agents  in  vitro.  We  therefore  set  out  to  expand  this  in  vitro  work  to  ask  whether 
DNA-damaging  agents  with  varying  modes  of  action  could  induce  somatic  change  in  an 
in  vivo  mouse  model  of  homologous  recombination.  We  exposed  pregnant  dams  to  DNA- 
damaging  agents,  conferring  a  variety  of  lesions  at  a  specific  time  in  embryo 
development.  To  monitor  homologous  recombination  frequency,  we  used  the  well- 
established  retinal  pigment  epithelium  pink-eyed  unstable  assay.  Homologous 
recombination  resulting  in  the  deletion  of  a  duplicated  70  kb  fragment  in  the  coding 
region  of  the  Oca2  gene  renders  this  gene  functional  and  can  be  visualized  as  a 
pigmented  eyespot  in  the  retinal  pigment  epithelium.  We  observed  an  increased 
frequency  of  pigmented  eyespots  in  resultant  litters  following  exposure  to  cisplatin, 
methyl  methanesulfonate,  ethyl  methanesulfonate,  3-aminobenzamide,  bleomycin,  and 
etoposide  with  a  contrasting  decreased  frequency  of  reversion  events  following 
camptothecin  and  hydroxyurea  exposure.  The  somatic  genomic  rearrangements  that  result 
from  such  a  wide  variety  of  differently  acting  damaging  agents  implies  long-term 
potential  effects  from  even  short-term  in  utero  exposures. 


Response  to  Reviewers  Comments 


Dear  Dr.  Samson,  July  5,  2013 

We  wish  to  thank  the  reviewers  for  their  thoughtful  and  thorough  review  of  our 
manuscript.  We  appreciate  their  overall  positive  response  to  the  manuscript  and 
have  carefully  considered  each  of  their  comments.  In  general  the  introduction 
and  discussion  of  the  manuscript  has  been  greatly  revised  and  shortened  from 
the  original  version,  as  suggested  by  the  Reviewer.  Otherwise  we  have 
addressed  each  comment  as  outlined  below  hopefully  to  their  satisfaction. 


Reviewer  #1 


1 )  Therefore,  the  camptothecin  result  is  particularly  puzzling  and 
potentially  warrants  deeper  analysis,  ideally  with  follow  up  studies 
to  test  resulting  hypotheses. 

-  We  are  in  agreement  that  camptothecin  and  HU  resulted 
in  a  surprising  result  and  a  deeper  analysis  would  be  very 
interesting  but  this  is  beyond  the  scope  of  the  current 
study  (as  further  noted  below). 

2)  The  manuscript  is  well  written,  although  it  would  benefit  from  being 
shortened  overall. 

-  Thank  you  for  the  comment.  To  reduce  the  overall  length 
of  the  manuscript  the  overlapping  points  in  the 
introduction  and  discussion  have  been  condensed  and 
only  pertinent  information  regarding  the  action  and 
mechanism  of  the  drugs  has  been  retained  for  better 
readability  of  the  manuscript. 

3)  Additionally,  the  impact  of  this  study  would  be  greater  if  more 
attention  were  put  to  the  overriding  differences  in  the  mechanism  of 
action  of  the  different  agents,  and  the  implication  of  those 
differences  in  terms  of  the  types  of  HR  events  that  might  ensue 
(and  the  likelihood  that  such  events  would  be  detectable) 

-  The  reviewer  makes  a  good  point  and  something  that 
would  be  worth  pursuing.  The  HR  event  that  reconstitutes 
the  p  gene  can  result  from  single  strand  annealing  (SSA) 
or  unequal  crossover  between  sister  chromatids  or 
between  homologues  or  an  unequal  gene  conversion 
type  event  or  possibly  a  template  switch  either  during 
replication  or  replication  restart.  We  have  shown  here 
that  the  resulting  fur  or  eyespots  exhibit  increased 
frequency  after  exposure  to  different  DNA-damaging 


agents,  and  previously  the  effect  of  different  genetic 
backgrounds.  The  mechanisms  of  HR  utilized  to  repair 
each  differing  DNA  damaging  agent  is  an  interesting 
question,  but  would  require  specific  substrates  to  be 
examined  (that  distinguished  each  of  the  above 
possibilities)  and  would  probably  have  to  be  conducted 
using  tissue  culture  systems.  As  such,  we  believe  that 
such  an  extensive  study  would  be  well  suited  for  a  future 
study  while  we  attempt  here  to  present  a  more 
generalized  theme.  In  this  manuscript  we  show  the  in 
vivo  in  utero  effect  of  these  exposures  on  the  genome, 
without  necessarily  concentrating  on  the  exact  type  of  HR 
used. 

Describing  and  interpreting  the  experiments  in  more  generalizable 
terms  would  strengthen  this  study 

-  In  addressing  other  points  by  the  Reviewer  (see  point  12) 
and  Reviewer  #2  we  have  worked  to  focus  on  the  general 
findings  of  changes  in  HR  frequency  in  the  context  of 
differing  DNA  lesions. 

One  concern  of  this  reviewer  is  that  the  statement  that  "in  utero 
exposure  to  camptothecin  and  HU  decreased  HR  frequency"  could 
be  misleading.  It  may  be  the  case  that  these  exposures  induced  HR 
significantly,  but  that  cells  that  underwent  HR  died.  Therefore,  a 
more  conservative  statement  might  be  that  "camptothecin  and  HU 
did  not  lead  to  a  detectable  increase  in  cells  that  had  undergone 
HR",  or  perhaps  it  could  be  stated  that  "camptothecin  and  HU 
caused  a  decrease  in  the  number  of  detectable  HR  events". 

-  The  Reviewer  makes  an  excellent  point  and  one  that  has 
been  discussed  at  length  within  our  lab.  We  suggested 
the  possibility  of  cell  death  in  the  original  manuscript  and 
have  now  further  changed  the  wording  to  the  more 
conservative  statement  suggested  by  the  Reviewer. 

-  “We  observed  an  increased  frequency  of  pigmented 
eyespots  in  resultant  litters  following  exposure  ...  with  a 
contrasting  decrease  in  the  frequency  of  detectable 
reversion  events  following  camptothecin  and  hydroxyurea 
exposure.” 

-  “In  contrast,  a  marked  decrease  in  the  frequency  of 
detectable  reversion  events  was  observed  for  the 


ribonucleotide  reductase  inhibitor  (hydroxyurea)  and 
Topi  inhibitor  (camptothecin)  measured  in  our  study.” 

Only  the  major  result  and  none  of  the  more  minor  results  appear  in 
the  abstract,  making  what  is  new  not  as  clear  as  it  could  be. 

-  To  this  regard  we  only  included  the  major  results  in  the 
abstract  as  the  minor  results  would  need  the  necessary 
explanation  of  the  pun  assay  in  order  to  understand  the 
further  subdivision  of  single-  and  multicell  eyespot  data 
as  well  as  positioning  of  the  eyespots  on  the  RPE. 


In  both  the  introduction  and  in  the  discussion,  the  agents  are  listed 
with  their  background/results,  which  makes  for  a  long  list  of 
information  that  is  not  as  obviously  interconnected  as  it  could  be.  It 
might  be  helpful  to  draw  more  attention  to  the  bigger 
themes/mechanisms  of  action  and  the  implications  of  those 
mechanisms  in  order  to  make  the  impact  of  the  work  more  clear. 

-  We  thank  the  Reviewer  for  this  suggestion  to  make  the 
manuscript  easier  to  read.  The  introduction  has  been 
shortened  to  only  include  the  salient  points  needed  to  set 
the  scene  for  the  work  to  be  mentioned.  The  discussion 
includes  more  details  of  the  mechanisms  of  action  for 
each  damaging  agent  and  relevant  in  vitro  studies  that 
are  now  furthered  by  our  in  vivo  approach. 

It  would  be  helpful  if  the  difference  between  the  results  of  this  study 
and  those  of  previous  studies  were  made  more  apparent  -  e.g.,  it  is 
not  obvious  which  of  these  agents  had  been  studied  using  the  pun 
assay  previously.  Clarifying  what  is  new  in  the  introduction  would 
be  helpful. 

-  This  is  a  good  point  and  we  felt  that  the  most  appropriate 
place  would  be  in  the  discussion  section  following  the  in 
vitro  work  done  for  each  respective  DNA  damaging 
agent.  This  was  done  purposely  in  order  to  compare  and 
contrast  work  previously  done  and  that  which  is  being  put 
forth  in  this  manuscript. 

In  the  Introduction: 

-  “Aside  from  the  alkylating  agents  and  camptothecin,  to 
our  knowledge  the  remaining  DNA  damaging  agents 
have  not  been  assessed  previously  using  an  in  vivo 
model  such  as  the  pun  system.” 


In  the  Discussion: 

-  “Using  the  in  vivo  puc  fur-spot  assay,  other  studies  have 
demonstrated  that  HR  is  induced  by  either  EMS  or  MMS, 
which  we  now  recapitulate  in  this  paper  using  the  more 
sensitive  RPE-based  pun  mouse  model.” 

-  “A  similar  phenomenon  of  robust  induction  of  HR 
reversion  events  in  more  central  regions  of  the  RPE,  and 
specifically  in  single-cell  eyespots  as  seen  in  this  study, 
was  also  reported  in  a  paper  by  Bishop  et  al.  using  the 
pun  eyespot  assay  with  X-ray  damage.”  Similar  in  that 
Bleomycin  is  often  considered  a  radiomimetic. 

-  With  regards  to  Camptothecin-  “Surprisingly,  we  did  not 
have  a  robust  induction  of  HR  in  our  pun  eyespot  assay, 
although  our  preliminary  fur-spot  results  indicated  an 
induction  recapitulating  an  earlier  report  with  the  pun  fur- 
spot  assay  using  this  agent.” 


9)  Line  197  -  it  is  not  necessarily  the  case  that  chemotherapeutics 
eliminate  cancer  cells. 

-  This  statement  has  been  eliminated  from  the  manuscript. 

10)  Line  216  -  Issues  of  dose-response  would  be  good  to  clarify.  What 
is  the  anticipated  result  if  the  dose  is  too  high?  Dose  is  mentioned, 
but  the  implications  are  not  spelled  out. 

-  In  general  we  selected  the  highest  dose  that  did  not 
apparently  reduce  numbers  of  mice  per  litter,  that  is,  little 
teratogenic  effect.  Our  assumption  was  that  more 
damage  without  reduced  embryonic  viability  would  result 
in  the  maximal  induction  of  HR.  This  is  further  clarified  in 
the  discussion  section  for  camptothecin  and  HU. 
However,  there  may  be  differential  effects  in  different 
tissues;  the  dose  selected  may  have  been  too  high  for 
the  RPE  in  general  or  specifically  at  the  time  of  exposure 
during  development.  In  contrast  we  observed  a  robust 
induction  of  HR  in  the  fur-spot  assay  indicating  that  the 
agent  did  impact  the  embryos,  and  induced  HR,  but 
surprisingly  we  obtained  a  lack  of  response  in  the 
normally  more  sensitive  eyespot  assay. 


-  “Further,  we  observed  an  induction  of  reversion  events 
following  camptothecin  exposure  using  the  pun  fur-spot 
assay  (similar  to  that  reported  by  others),  but  a  decrease 
in  the  pun  eyespot  assay  for  the  same  animals.  This 
suggests  a  tissue-specific  difference  in  response, 
perhaps  with  RPE  cells  being  more  sensitive  to 
camptothecin,  resulting  in  greater  cell  death,  permanent 
cell  cycle  arrest,  or  repair  by  other  pathways  without 
induction  of  HR  events.” 


-  “It  is  interesting  that  these  latter  data  contrast  with  the 
clear  induction  observed  using  the  fur-spot  assay,  which 
indicated  that  the  selected  doses  should  induce  pun 
reversion,  albeit  with  possible  cytotoxic  effects  in  the 
RPE  (Table  1).  The  resultant  litters  from  pregnant  dams 
exposed  to  EMS,  showed  a  clear  induction  of  pur 
reversion  in  the  RPE  (compared  with  no  induction  in  the 
fur),  which  indicates  an  increased  sensitivity  of  the 
eyespot  assay  to  detect  damage-induced  HR  events.” 

11)Line  229  to  234.  As  HR  is  specific  to  S  and  G2,  single  cells  are 
almost  certainly  the  result  of  an  HR  event  in  a  cell  that  did  not 
divide  again  (as  it  is  stated).  As  such,  stating  that  HR  is  more  likely 
to  be  tied  to  replication  for  the  multicell  spots  implies  that  HR  is 
happening  in  non -dividing  cells. 

-  We  apologize  for  the  misleading  implication.  The  very 
fact  that  we  observe  multicell  events  suggests  that  these 
events  are  occurring  in  cells  that  are  actively  dividing  (or 
continue  to  divide  following  the  pun  reversion  events).  The 
pun  reversions  that  result  in  single  cell  eyespots  could 
either  arise  from  a  replicating  cell  that  is  about  to  undergo 
its  terminal  division,  or  it  may  result  from  cells  that  are  in 
G1,  but  perhaps  resulting  from  a  single  strand  annealing 
type  event.  However,  since  we  observe  that  the  induced 
events  occur  in  specific  regions  of  the  RPE  (and  not  in 
regions  that  are  postmitotic  at  the  time  of  exposure) 
suggests  that  whether  single  cell  or  multicell,  pun 
reversions  arise  in  cells  that  are  actively  dividing  at  the 
time  of  exposure. 

-  “Thus,  according  to  our  criteria,  we  would  score  a  clonally 
expanded  multicell  eyespot  as  a  single  reversion  event. 

In  contrast,  a  single-cell  eyespot  might  have  been 
derived  from  an  event  that  was  not  necessarily  tied  to 


replication  or  in  a  cell  that  was  in  its  terminal  division  and 
did  not  continue  to  divide  once  the  revertant  p  gene 
segregated  into  one  daughter  cell.  However,  the  pun 
reversions  that  result  in  single-cell  eyespots  may  result 
from  cells  that  are  in  G1  through  a  single  strand 
annealing  type  event.  Since  we  observe  that  the  induced 
events  occur  in  specific  regions  of  the  RPE  (and  not  in 
regions  that  are  post  mitotic  at  the  time  of  exposure) 
suggests  that  whether  single-cell  or  multicell,  pun 
reversions  arise  in  cells  that  are  actively  dividing  at  the 
time  of  exposure.” 

12)  The  reference  to  cancer  during  pregnancy  is  somewhat  confusing. 
Perhaps  a  reference  could  be  added  as  well  as  a  bit  more 
information  about  how  often  chemotherapy  is  given  to  pregnant 
women.  As  this  is  likely  to  be  a  rarity,  perhaps  alluding  to  other 
aspects  of  the  impact  of  this  work  would  be  stronger  -  e.g.,  a 
statement  about  DNA  damaging  agents  in  general  and  their 
potential  impact  during  development  (which  shows  up  later  in  the 
discussion). 

-  We  are  in  agreement  that  this  concept  takes  away  from 
the  more  general  characterization  of  DNA  damaging 
agents  and  their  potential  impact  on  somatic  changes 
that  may  be  of  consequence  later  in  life.  The  statement 
about  cancer  during  pregnancy  has  been  removed. 

13)  The  discussion  might  be  stronger  if  shortened.  There  does  not 
need  to  be  a  paragraph  about  camptothecin  (line  425)  and  then 
another  one  about  camptothecin  and  HU.  Perhaps  these  can  be 
condensed. 

-  The  Reviewer  makes  a  great  point  and  we  initially  did 
combine  our  discussion  points  about  these  two  agents 
but  given  that  the  observed  eyespot  frequency  result  was 
different  than  expected  and  different  from  the  pun  fur-spot 
assay  we  expanded  this  section  to  better  discuss  these 
findings  and  possibilities  that  may  have  occurred 
regarding  other  repair  mechanisms.  Also  discussed 
further  in  Response  #15  below. 


14)  Line  436  -  The  word  "contender"  is  colloquial. 


The  word  “contender”  has  been  replaced  with  “strong 
possibility” 


15) Lines  465  to  475.  The  conjecture  here  seems  to  be  a  bit  of  a  stretch 
away  from  the  actual  data. 

-  We  understand  the  Reviewer’s  point  and  we  perhaps 
have  provided  too  much  conjecture  on  this  point.  Given 
that  we  saw  an  overall  decrease  in  the  frequency  of 
detectable  HR  events  by  the  pun  assay  the  idea  of 
cytotoxicity  does  not  completely  explain  the  decrease 
seen  below  that  of  spontaneous  levels.  We  have  only 
observed  decreased  pun  frequency  in  our  lab  using 
BRCA1  or  BRCA2  deficient  mice,  which  have  a 
deficiency  in  homologous  recombination.  The  idea  that 
we  are  specifically  losing  cells  that  undergo  HR  at  the  pun 
locus  due  to  lesions  in  the  pun  locus  seems  an  unlikely 
explanation  for  a  decreased  frequency  of  pun  reversion.  It 
is  for  this  reason  that  we  suggest  an  alternative 
mechanism(s)  might  be  intervening  and  causing  the 
observed  phenomenon,  such  as  transcription  coupled 
repair  resulting  in  the  decrease  detected  by  our  assay. 

We  suggest  this  possibility  since  the  p  gene  is  actively 
transcribed  at  this  time  during  development  in  the  RPE 
but  not  in  melanoblasts  that  give  rise  to  furspots.  There 
are  other  possibilities  too,  such  as  activation  of  BLM- 
mediated  processes  to  dissolve  HR  intermediates, 
amongst  others,  but,  as  the  Reviewer  points  out,  these 
points  are  conjecture.  However,  we  raise  the  possibility 
as  the  loss  of  cell  specifically  undergoing  HR  induced  by 
lesions  in  this  specific  region  seems  a  very  unsatisfying 
explanation  for  the  observed  results.  We  therefore  have 
worked  to  reduce  this  section,  though  we  believe  it  is 
important  to  raise  the  possibility  other  repair  activities  are 
compensating  in  the  RPE  specifically,  while  HR  is  the 
dominant  repair  pathway  to  repair  lesions  in  the  pun  locus 
of  melanoblasts. 


Reviewer  #2 


1 )  How  were  the  doses  selected  for  the  exposures  and  how  do  the 
doses  influence  the  outcome  in  this  case?  How  do  the  empirically 
derived  doses  compare  to  the  findings  in  Table  A 1  ? 


The  doses  were  empirically  selected  based  on  published 
LD50,  orfetotoxic  doses  (detailed  below).  We  then  chose 


doses  for  our  experiment  based  on  litter  survival,  litter 
size  and  percent  fur  spotting  frequency.  Details  are 
outlined  below  for  each  agent: 

Cisplatin-  the  LD50  (mouse,  intraperitoneal  injection  (ip) 
is  6.6  mg/kg.  Cisplatin  was  found  to  be  teratogenic  and 
fetotoxic  when  administered  as  an  ip  dose  of  3  mg/kg. 

We  therefore  chose  2.5  mg/kg  in  a  volume  of  0.2  ml_  of 
saline  for  the  experimental  dose.  We  hypothesized  that 
this  dose  would  result  in  survival  of  embryos  and  still  give 
a  robust  spotting  frequency. 


MMS  and  EMS  were  previously  used  in  the  pun  fur  assay 
as  stated  in  reference  [10]  (100  mg/kg).  A  lower  dose  of 
MMS  was  chosen  as  it  resulted  in  larger  litter  sizes  and 
still  elicited  a  22%  spot  frequency  (similar  to  25%  in 
reported  in  the  abovementioned  publication).  The  same 
dose  of  100  mg/kg  in  the  abovementioned  publication 
was  also  used  in  our  study  for  EMS,  however  we 
observed  a  0%  spot  frequency,  possibly  due  to  a  small 
sample  size.  We  moved  forward  with  this  dose  since  it 
did  not  seem  to  compromise  litter  sizes,  and  gave  a 
robust  response  in  the  previous  publication. 

Bleomycin-  the  reported  LD50  is  210  mg/kg.  We  chose  a 
dose  much  lower  to  minimize  toxicity. 

3AB-the  oral  LD50  for  mouse  is  300  mg/kg.  We  thus 
chose  a  dose  above  seeing  that  no  toxicity  was 
witnessed  to  the  pregnant  dam  or  in  terms  of  litter  size. 

Etoposide  is  fetotoxic  in  the  range  of  2  mg/kg.  We  chose 
this  dose  because  we  were  still  able  to  achieve  good  litter 
sizes  and  robust  fur  spot  induction. 

Camptothecin-  oral  LD50  is  50  mg/kg;  another  studied 
found  the  LD50  for  human  epithelial  cells  to  be  in  the 
range  of  12.5-25  mg/kg.  We  tested  a  broad  range  of 
doses  and  ultimately  used  the  lowest  dose  to  maximize 
HR  induction  and  minimize  toxicity. 

HU-  oral  LD50  is  7330  mg/kg  we  chose  doses  far  lower 
and  again  picked  the  dose  that  maximized  HR  induction 
and  minimized  toxicity  in  the  fur  spot  assay. 


2)  Figure  2  data  are  not  clear,  axis  need  to  be  present  in  the  figures 
themselves,  the  text  says  "where  0.0  corresponds  to  the  region 
near  the  optic  nerve  and  1.0  represents  the  edge  of  the  RPE" 


-  One  axis  title  is  denoted  for  all  figures  to  maintain 
readability.  The  axis  tick  marks  are  denoted  in  every 
figure  and  explained  in  the  figure  caption. 

3)  Figure  1:  what  is  the  difference  between  asterisks  and  diamonds, 
the  number  of  both  of  those  is  clear  where  it  is  stated  that 
significance  is  denoted  by  asterisks  (*P  <.05,  **P  <  .01,  ***P  <  .001, 
****P  <  .0001)  or  diamonds  (??P  <  .01, .but  what  do  the  shapes 
convey-were  there  different  comparisons?-this  need  to  be  made 
clear 


-  This  has  been  clarified  in  the  caption  for  figure  1 .  The 
asterisks  denote  a  significant  increase,  while  the 
diamonds  denote  a  significant  decrease 

4)  Table  1  is  a  list  of  chemicals  used -this  would  be  better  to  include  as 
a  supplementary  table:  Table  A 1  is  much  more  important  to  the 
findings  of  the  study,  these  should  be  swapped 


-This  change  has  been  made 

We  have  carefully  considered  the  requests  of  the  reviewers  and  once  again 
thank  them  for  their  insightful  comments.  Their  suggestions  have  clarified  and 
strengthened  our  manuscript.  We  have  made  extensive  revisions  to  the 
manuscript  but  are  more  than  willing  to  perform  additional  changes  if  it  is  deemed 
to  be  necessary  by  the  Reviewers  and  Editor.  Please  do  not  hesitate  to  contact 
me  if  there  are  any  further  questions. 

Sincerely, 


Alexander  J.R.  Bishop 


*Manuscript  REVISED 
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Abstract 


Much  of  our  understanding  of  homologous  recombination,  as  well  as  the  development  of 
the  working  models  for  these  processes,  has  been  derived  from  extensive  work  in  model 
organisms,  such  as  yeast  and  fruit  flies,  and  mammalian  systems  by  studying  the  repair  of 
induced  double  strand  breaks  or  repair  following  exposure  to  geno toxic  agents  in  vitro.  We 
therefore  set  out  to  expand  this  in  vitro  work  to  ask  whether  DNA-damaging  agents  with  varying 
modes  of  action  could  induce  somatic  change  in  an  in  vivo  mouse  model  of  homologous 
recombination.  We  exposed  pregnant  dams  to  DNA-damaging  agents,  conferring  a  variety  of 
lesions  at  a  specific  time  in  embryo  development.  To  monitor  homologous  recombination 
frequency,  we  used  the  well-established  retinal  pigment  epithelium  pink-eyed  unstable  assay. 
Homologous  recombination  resulting  in  the  deletion  of  a  duplicated  70  kb  fragment  in  the  coding 
region  of  the  Oca2  gene  renders  this  gene  functional  and  can  be  visualized  as  a  pigmented 
eyespot  in  the  retinal  pigment  epithelium.  We  observed  an  increased  frequency  of  pigmented 
eyespots  in  resultant  litters  following  exposure  to  cisplatin,  methyl  methanesulfonate,  ethyl 
methanesulfonate,  3-aminobenzamide,  bleomycin,  and  etoposide  with  a  contrasting  decrease  in 
the  frequency  of  detectable  reversion  events  following  camptothecin  and  hydroxyurea  exposure. 
The  somatic  genomic  rearrangements  that  result  from  such  a  wide  variety  of  differently  acting 
damaging  agents  implies  long-term  potential  effects  from  even  short-term  in  utero  exposures. 


Key  Words:  Homologous  recombination,  DNA  damaging  agents,  mouse,  pink-eyed  unstable,  in 
utero  exposure,  in  vivo 


1.  Introduction 


Environmental  exposures  include  many  potential  genotoxic  agents,  many  of  which  are 
known  carcinogens.  Considering  the  variety  of  these  agents,  they  are  generally  classified  by  their 
mode  of  action  [1],  Irrespective  of  how  they  react  with  DNA,  a  DNA  lesion  that  impacts  DNA 
replication,  inhibiting  its  normal  progression,  might  potentially  instigate  genomic  instability  via 
aberrant  repair  processes,  including  homologous  recombination  (HR).  HR  is  usually  considered 
to  be  a  high-fidelity  DNA-repair  process,  because  it  uses  a  homologous  template  of  DNA  to 
repair  damaged  DNA.  Therefore,  it  is  not  surprising  that  HR  is  most  prevalent  during  or  just  after 
DNA  synthesis,  when  the  sister  chromatid  is  present  to  act  as  the  template  and  facilitate  this  type 
of  repair  and  restoration  of  normal  DNA  replication  [2] .  However,  there  is  also  the  potential  that 
an  HR  event  will  be  mediated  by  an  alternate  homologous  sequence  at  some  ectopic  site,  for 
example  between  simple  repeats  present  in  the  genome  (SINES  or  LINEs,  segmental 
duplications,  copy  number  variants,  or  even  genes  that  share  significant  homology)  [3]. 
Considering  that  copy  number  variations  are  now  understood  to  constitute  approximately  12% 

[4]  of  the  mammalian  genome,  increasing  the  frequency  of  HR  by  exposure  to  DNA-damaging 
agents  might  be  expected  to  significantly  impact  genome  stability  in  a  proliferating  somatic  cell. 
For  instance,  unlike  genetic  diseases  (e.g.,  sickle-cell  anemia  or  Tay-Sachs  disease)  which  are 
often  associated  with  mutation  in  a  single  gene  and  prevalent  in  certain  populations, 
recombination-based  genomic  disorders  (e.g.  DiGeorge  syndrome  or  Prader-Willi  syndrome) 
result  from  frequent  rearrangements  of  the  genome  in  certain  disease  loci  [5].  To  better 
understand  the  impact  of  such  recurrent  change,  we  asked  what  the  consequence  would  be  on 
genomic  stability  following  exposure  to  several  differently  acting  DNA-damaging  agents  when 
many  cells  are  actively  dividing  during  development.  To  assess  genome  rearrangement  we  used  a 


well-established  segmental  duplication/deletion  pigmentation  assay,  the  pink-eyed  unstable 
mouse  model,  with  in  utero  exposures  to  several  different  agents. 

The  pink-eyed  unstable  (pun)  mutation  in  the  mouse  is  a  head-to-tail  duplication  of  a  70  kb 
region  of  DNA — effectively  a  segmental  duplication  that  disrupts  the  function  of  the  p  gene  (also 
known  as  Oca2 ).  The  p  gene  encodes  for  an  integral  membrane  protein  that  is  required  for  the 
proper  assembly  of  melanin  in  melanosomes  and  confers  dark  brown-black  pigmentation  [6]. 

The  pun  mutation  causes  a  dilution  of  this  color  in  2  pigmented  cells  of  the  mouse:  melanocytes 
confer  coat  color  to  fur  and  to  the  retinal  pigment  epithelium  (RPE)  of  the  eye.  Spontaneous 
reversion  of  the  70  kb  duplication  via  deletion  of  one  copy  of  the  duplicated  sequence  renders  a 
functional  p  gene,  thus  allowing  for  proper  melanin  packing  in  cells.  These  reversion  events  can 
be  scored  as  black  spots  on  an  otherwise  dilute  fur  coat  or  as  pigmented  cells  in  the  RPE  of  the 
mouse  eye  [7].  Proliferation  of  these  tissues  occurs  mainly  during  embryonic  development;  thus, 
we  were  able  to  expose  pregnant  dams  to  various  agents  during  development  and  determine  the 
impact  on  somatic  HR  using  this  simple  pigment-based  assay  system  [8,  9,  10,  11].  For  this  study 
we  examined  the  effect  of  8  different  agents  that  can  be  categorized  into  6  different  classes  of 
action;  cisplatin,  methyl  methanesulfonate,  ethyl  methanesulfonate,  bleomycin,  3- 
aminobenzamide,  etoposide,  camptothecin,  and  hydroxyurea. 

Cisplatin  works  by  aquating  a  chloride  ligand,  which  results  in  the  formation  of  a  DNA 
adduct  and,  usually  produces  intrastrand  DNA  cross-links,  which  in  turn  impedes  replication  and 
transcription  [12].  In  contrast,  alkylating  agents  such  as  methyl  methanesulfonate  (MMS)  and 
ethyl  methanesulfonate  (EMS)  are  not  used  as  frequently  in  clinical  settings  as  chemotherapeutic 
agents,  but  they  are  considered  cytotoxic,  mutagenic  and  carcinogenic,  and  prototypical  of  other 
clinically  relevant  or  environmentally  present  alkylating  agents  [13].  Recent  findings  have  shed 


light  on  the  powerful  potential  of  poly  (ADP-ribose)  polymerase  (PARP)  inhibitors  to  act  as 
anticancer  drugs.  A  first  generation  PARP  inhibitor,  3-aminobenzamide  (3AB),  acts  by  attacking 
the  catalytic  site  of  the  PARP  family  of  enzymes,  thereby  competing  with  NAD+  and  resulting  in 
the  inhibition  of  the  activity  of  PARP  [14].  Bleomycin  has  been  classified  as  an  “antitumor 
antibiotic”  by  forming  complexes  with  iron,  which  reduces  molecular  oxygen  to  superoxide  and 
hydroxyl  radicals,  thereby  causing  single-  and  double-strand  breaks  in  DNA.  Etoposide, 
sometimes  more  appropriately  termed  a  topoisomerase  poison,  acts  by  disrupting  the  normal 
functionality  of  the  ubiquitous  topoisomerase  II  (Top2)  enzyme,  which  plays  a  role  in  cutting 
DNA  strands  to  relieve  tangles  and  supercoiling.  Rather  than  binding  or  intercalating  with  DNA 
directly,  etoposide  stabilizes  a  ternary  complex  of  Top2  that  is  covalently  linked  to  DNA  at  a 
strand  break  [15].  The  target  of  camptothecin  is  topoisomerase  I  (TOP  I),  an  enzyme  that  relaxes 
DNA  supercoiling.  Camptothecin  is  a  cell-cycle- specific  agent  that  causes  DNA  replication-fork 
collapse  in  dividing  cells,  resulting  in  cell  death  [16].  Hydroxyurea  (HU)  works  by  inactivating 
the  ribonucleotide  reductase  enzyme,  thus  reducing  the  availability  of  free  nucleotides.  As  a 
consequence,  HU  inhibits  the  entire  replicase  complex,  blocking  DNA  synthesis  and  resulting  in 
the  arrest  of  cells  in  the  S  phase  of  the  cell  cycle  [17]. 

In  this  paper  we  sought  to  determine  if  in  utero  exposure  to  different  classes  of  DNA- 
damaging  agents  caused  the  type  of  lesions  that  could  increase  the  frequency  of  HR  in  our  pink¬ 
eyed  unstable  mouse  model.  We  observed  a  robust  induction  of  HR  following  cisplatin  and 
alkylating-agent  exposure  as  well  as  a  significant  induction  of  HR  following  exposure  to 
etoposide,  bleomycin,  and  a  PARP  inhibitor  used  in  our  study,  3AB.  In  contrast,  a  marked 
decrease  in  the  frequency  of  detectable  reversion  events  was  observed  for  the  ribonucleotide 
reductase  inhibitor  (hydroxyurea)  and  Topi  inhibitor  (camptothecin)  measured  in  our  study. 


Aside  from  the  alkylating  agents  and  camptothecin,  to  our  knowledge  the  remaining  DNA 
damaging  agents  have  not  been  assessed  previously  using  an  in  vivo  model  such  as  the  p“n  system. 
2.  Materials  and  Methods 

2.1  Mouse  cohort  and  breeding 

C57BL/6J  pun/un  mice  were  obtained  from  the  Jackson  Laboratory  (Bar  Harbor,  ME). 
Experimental  cohorts  were  maintained  by  breeding  homozygous  pu  un  mice  to  generate  sufficient 
numbers  of  animals  for  exposure  experiments.  All  animal  studies  were  conducted  in  accordance 
with  University  and  Institute  IACUC  policies,  as  outlined  in  protocol  07005-34-02-A,Bl,C. 

2.2  Timing  of  pregnancy  and  exposure  to  agents 

Mice  homozygous  for  p"n/un  were  bred  with  successful  copulation,  which  was  indicated 
by  a  vaginal  plug  and  timed  as  0.5  days  post  coitum.  Pregnant  dams  were  then  exposed  to 
various  DNA-damaging  agents  (Table  A.l)  on  embryonic  day  12.5. 

The  DNA-damaging  agents  were  prepared  in  0.9%  normal  saline  (also  used  as  a  control) 
and  injected  intraperitoneally  to  pregnant  dams.  The  dose  of  each  agent  was  calculated  based  on 
the  weight  of  the  pregnant  dam  (per  30  g)  and  prepared  in  a  0.2  mL  solution. 

2.3  Eye  dissection  and  pun  reversion  ( homologous  recombination )  assay 

Eyes  from  30-day-old  pups  derived  from  exposed  pregnant  dams  were  harvested  and 
dissected  as  previously  described  [8].  RPE  whole  mounts  were  prepared  and  imaged  using  a 
Zeiss  Lumar  version  12  stereomicroscope,  Zeiss  AxioVision  MRm  camera,  and  Zeiss 
AxioVision  4.6  software  (Thomwood,  NY).  For  each  RPE,  the  total  number  of  pigmented 
eyespots  was  scored  along  with  the  number  of  cells  that  comprised  each  eyespot  as  detailed  in 
Claybon  et  al.  [18].  The  position  of  each  pigmented  eyespot  was  also  recorded  to  confirm  the 
correlation  between  the  time  of  exposure  and  the  location  of  any  induced  reversion  events,  as 


previously  described  [9] .  The  criterion  for  scoring  a  pun  reversion  event  as  well  as  the  analysis  of 
its  position  on  the  RPE  was  also  previously  outlined  in  Bishop  et  al.  [8].  Briefly,  an  eyespot  was 
scored  as  one  or  more  reverted  cell  (indicated  by  black  pigmentation  in  an  otherwise  transparent 
cell  layer),  separated  by  no  more  than  one  unpigmented  cell. 

2.4  Statistics 

Statistical  analysis  was  performed  using  GraphPad  Prism  6.0  (La  Jolla,  CA)  software.  We 
first  performed  a  normality  test  and  determined  that  our  data  did  not  follow  a  normal  Gaussian 
distribution.  We  therefore  chose  nonparametric  tests  that  compare  distributions  of  2  unpaired 
groups.  A  Mann-Whitney  test  was  used  to  analyze  pun  reversion  frequency  between  DNA- 
damaging  agents  and  control.  We  used  a  Kolmogorov-Smimov  test  to  analyze  distribution 
differences  in  eyespot  position  data  between  control  and  differing  DNA-damaging  agents. 

3.  Results 

3.1  Survival  analysis  of  pregnant  dams  ’postexposure  to  varying  doses  of  DNA-damaging  agents 

Dosing  for  each  agent  was  empirically  derived  based  on  a  combination  of  reported  LD50 
(lethal  dose  50%)  levels,  published  fetotoxicity  data,  and  previous  work  done  with  the  pun  fur- 
spot  assay  [10].  We  performed  a  survival  analysis  study  to  determine  which  doses  maximized 
dam  survival,  litter  size,  and  pun  fur-spot  induction  (Table  1).  The  fur-spot  assay  was  used  merely 
as  an  indicator  to  confirm  that  the  chosen  dose  for  each  agent  was  capable  of  inducing  HR  by  our 
assay,  but  it  generally  requires  many  more  mice  to  establish  statistical  significance  compared  to 
the  eyespot  assay.  For  cisplatin  and  MMS,  a  dose  of  2.5  mg/kg  and  0.2  mg/kg,  respectively, 
resulted  in  robust  litter  sizes  and  pun  fur- spot  induction.  The  100  mg/kg  dose  for  EMS  did  not 
result  in  spotted  pups;  however,  given  that  the  eyespot  assay  is  more  sensitive  (one-cell 
resolution)  compared  with  the  clonal  expansion  of  revertant  cells  needed  to  visualize  a  fur-spot, 


we  went  forward  with  this  dose  for  our  study.  Bleomycin  proved  to  be  quite  toxic  to  the  pregnant 
dams;  therefore,  we  selected  a  dose  of  5  mg/kg,  which  gave  larger  litter  sizes  and  an  18%  fur- 
spot  frequency.  In  contrast,  we  selected  the  highest  dose  tested  for  3AB  because  it  did  not  appear 
to  harm  the  dams.  The  topoisomerase  inhibitors,  etoposide  and  camptothecin,  resulted  in  very 
few  litters  at  high  doses;  however,  lower  doses  of  these  agents  still  elicited  a  robust  36%  fur-spot 
frequency.  A  midrange  dose  of  the  replication  inhibitor,  HU,  resulted  in  a  27%  fur- spot 
frequency  and  100%  survival  (Table  1). 

3.2  Exposure  to  DNA-damaging  agents  with  different  modes  of  action  induces  homologous 
recombination 

Either  naturally  or  by  design,  chemotherapeutic  agents  with  differing  modes  of  action 
lead  to  a  variety  of  lesions,  such  as  strand  breaks,  DNA  adducts,  and  DNA  cross-links,  among 
others.  These  lesions  are  detected  by  surveillance  machinery  that  operates  by  triggering  a  robust 
DNA-damage  signal  cascade,  thereby  prompting  appropriate  DNA-repair  pathways.  HR  is  one 
such  pathway;  however,  much  of  our  understanding  of  this  pathway  stems  from  either  lower 
organisms  or  tissue-culture  studies  on  the  repair  of  induced  double-strand  breaks.  Therefore,  we 
set  out  to  ask  whether  differing  types  of  DNA  lesions  could  induce  somatic  HR  in  vivo.  We 
exposed  pregnant  dams  at  a  specific  time  in  embryo  development  (12.5  dpc)  to  DNA-damaging 
agents  that  have  differing  modes  of  action.  The  simplest  assessment  of  these  agents  is  to 
determine  the  frequency  of  reversion  events  in  each  RPE  for  each  agent  exposure  compared  to 
the  saline  control.  Upon  examining  the  frequency  of  eyespots  (pIin  reversions)  per  RPE,  we  found 
that  all  agents,  except  camptothecin  and  HU,  significantly  induced  HR  compared  to  the  control 
(Fig.  la  and  Table  2).  The  cross-linking  agent,  cisplatin,  and  both  alkylating  agents,  MMS  and 
EMS,  showed  a  twofold  induction  of  eyespots  per  RPE  (P  <  0.0001;  Mann- Whitney  test). 


Though  not  as  robust,  PARP  inhibition  (P  <  .001;  Mann-Whitney  test),  bleomycin,  and  the  Top2 
poison,  etoposide  (P  <  .01;  Mann-Whitney  test),  also  significantly  induced  HR  in  comparison  to 
the  control  agent  (Fig.  la  and  Table  2).  Whereas  most  of  the  agents  resulted  in  a  concomitant 
increase  in  the  number  of  revertant  cells  (Table  2),  camptothecin  and  HU  showed  a  highly 
statistically  significant  decrease  in  the  number  of  eyespots  ( P  <  .0001;  Mann-Whitney  test)  and 
an  overall  fewer  number  of  cells  per  RPE,  possibly  due  to  the  dose  selected  for  this  study  (Fig. 
la  and  Table  2).  It  is  interesting  that  these  latter  data  contrast  with  the  clear  induction  observed 
using  the  fur- spot  assay,  which  indicated  that  the  selected  doses  should  induce  pun  reversion, 
albeit  with  possible  cytotoxic  effects  in  the  RPE  (Table  1).  The  resultant  litters  from  pregnant 
dams  exposed  to  EMS,  showed  a  clear  induction  of  pun  reversion  in  the  RPE  (compared  with  no 
induction  in  the  fur),  which  indicates  an  increased  sensitivity  of  the  eyespot  assay  to  detect 
damage-induced  HR  events.  These  results  suggest  that  many  forms  of  damage — not  just  strand 
breaks — are  capable  of  inducing  recombino genic  lesions. 

3.3  Induction  of  single-cell  and  multicell  reversion  events  differ  depending  on  the  mode  of  action 
of  DN A- damaging  agents 

In  addition  to  directly  providing  HR  frequency  information  in  a  developing  mouse  RPE, 
the  pun  RPE-based  reversion  assay  allows  for  the  further  subdivision  of  eyespot  frequency  into 
those  eyespots  consisting  of  one  cell  (single-cell  eyespots)  and  those  with  more  than  one  cell 
(multicell  eyespots).  The  idea  is  that  events  resulting  in  multicell  eyespots  are  more  likely  to 
have  been  tied  to  replication,  such  that  reversion  in  one  cell  that  is  actively  replicating  its  DNA 
clonally  expands  into  a  group  of  daughter  cells.  Thus,  according  to  our  criteria,  we  would  score  a 
clonally  expanded  multicell  eyespot  as  a  single  reversion  event.  In  contrast,  a  single-cell  eyespot 
might  have  been  derived  from  an  event  that  was  not  necessarily  tied  to  replication  or  in  a  cell  that 


was  in  its  terminal  division  and  did  not  continue  to  divide  once  the  revertant  p  gene  segregated 
into  one  daughter  cell.  However,  the  pun  reversions  that  result  in  single-cell  eyespots  may  result 
from  cells  that  are  in  G1  through  a  single  strand  annealing  type  event.  Since  we  observe  that  the 
induced  events  occur  in  specific  regions  of  the  RPE  (and  not  in  regions  that  are  post  mitotic  at 
the  time  of  exposure)  suggests  that  whether  single-cell  or  multicell,  pun  reversions  arise  in  cells 
that  are  actively  dividing  at  the  time  of  exposure. 

Our  data  showed  a  significant  increase  in  frequency  of  single-cell  reversion  events  for 
cisplatin,  EMS,  and  MMS  (P  <  .0001;  Mann-Whitney)  with  only  a  small  increase  in  multicell 
events  for  MMS  ( P  <  .05;  Mann-Whitney;  Figs,  lb  and  lc).  3AB  and  bleomycin  also  showed  an 
increase  in  single-cell  events  (P  <  .05  and  P  <  .01,  respectively;  Mann-Whitney)  with  no 
induction  of  multicell  events  (Figs,  lb  and  lc).  In  contrast,  HU  exposure  resulted  in  a  significant 
decrease  in  single-cell  events  (P  <  .01;  Mann-Whitney);  in  addition,  both  HU  and  camptothecin 
appeared  to  have  a  significant  decrease  in  the  frequency  of  multicell  eyespots  compared  with  the 
control  agent  ( P  <  .001  and  P  <  .0001,  respectively;  Mann-Whitney;  Figs,  lb  and  lc).  An 
interesting  finding  was  that,  of  the  17  RPE  analyzed  following  camptothecin  exposure,  only  5  of 
31  eyespots  were  scored  as  multicell  reversion  events,  compared  with  50%  in  the  control  group. 
Further,  we  observed  an  induction  of  reversion  events  following  camptothecin  exposure  using 
the pun  fur-spot  assay  (similar  to  that  reported  by  others;  eg,  [19]),  but  a  decrease  in  the pun 
eyespot  assay  for  the  same  animals.  This  suggests  a  tissue-specific  difference  in  response, 
perhaps  with  RPE  cells  being  more  sensitive  to  camptothecin,  resulting  in  greater  cell  death, 
permanent  cell  cycle  arrest,  or  repair  by  other  pathways  without  induction  of  HR  events. 

3.4  Position  frequency  of  reversion  events  following  exposure  to  DNA-damaging  agents 

In  addition  to  examining  the  frequency  of  events,  another  aspect  of  the  pu"  eyespot  assay 


is  that  the  position  of  events  found  in  the  adult  RPE  can  be  related  to  the  specific  time  during 
development  when  they  occurred  [8].  The  RPE  development  results  from  an  edge -biased  pattern 
of  proliferating  cells  that  orient  outward  radially  [20].  Previously,  Bishop  et  al.  demonstrated  that 
the  time  of  exposure  to  a  DNA-damaging  agent  during  development  correlates  strongly  with  the 
location  of  induced  revertant  events  in  the  adult  RPE  [8].  Therefore,  those  eyespots  that  are  near 
to  the  centrally  located  optic  nerve  occurred  early  in  development,  whereas  those  positioned 
toward  the  edge  of  the  RPE  (distal  to  the  optic  nerve  head)  most  likely  occurred  later  in  embryo 
development.  Considering  that  all  of  the  exposures  were  conducted  at  embryo  day  12.5,  we 
expect  this  to  correlate  to  an  induction  of  pun  reversion  events  at  approximately  one  third  of  the 
distance  from  the  optic  nerve  head  to  the  edge  of  the  RPE  (ie,  “position  0.3”). 

To  determine  whether  there  was  a  positional  effect  of  the  observed  increase  in  eyespots 
following  exposure  to  DNA-damaging  agents,  we  analyzed  the  distribution  of  pun  reversion 
events  using  a  nonparametric  Kolmogorov-Smirnov  test  to  evaluate  pattern  shifts  of  eyespots 
between  the  control  RPE  and  those  exposed  to  DNA-damaging  agents  (Fig.  2a).  Cisplatin  (P 
<  .01;  Kolmogorov-Smirnov),  MMS  and  EMS  (P  <  .05;  Kolmogorov-Smimov)  showed  a 
significant  shift  in  distribution  of  total  reversion  events  compared  to  control  (Fig.  2a).  We  further 
compared  and  contrasted  the  pattern  of  eyespot  distribution  for  single-  and  multicell  events 
separately.  An  examination  of  RPE  for  single-cell  eyespots  (Fig.  2b)  revealed  an  induction 
pattern  similar  to  that  observed  for  total  eyespots  but  positioned  more  toward  the  proximal  region 
of  the  RPE  for  these  agents  (P  <  .01,  P  <  .05,  P  <  .01,  respectively;  Kolmogorov-Smimov),  with 
no  significant  distribution  difference  in  multicell  reversion  events  compared  to  the  control  agent 
(Fig.  2c). 

Bleomycin  did  not  have  a  significant  pattern  change  in  total  eyespots  but  there  was  a 


significance  in  single-cell  eyespots  (P  <  .05;  Kolmogorov-Smimov)  with  an  apparent  spike  of 
reversion  events  in  regions  following  induction  suggesting  a  quick  mode  of  action  for  this  agent 
compared  to  the  control  agent  (Figs.  2a  and  2b).  PARP  inhibition  and  etoposide  exposure  also 
resulted  in  a  robust  distribution  change  in  total  eyespots  ( P  <  .01;  Kolmogorov-Smimov)  and  a 
shift  to  more  proximal  regions  for  single-cell  eyespots  ( P  <  .05,  P  <  .01,  respectively; 
Kolmogorov-Smirnov),  which  was  more  substantial  following  3AB  induction  compared  to  the 
control  agent  (Fig.  2b).  Again  no  significance  was  indicated  in  multicell  reversion  events  (Fig. 
2c).  The  differences  in  position  and  pattern  shifting  between  single  and  multicell  events  have 
been  reported  for  various  genetic  backgrounds  [21]  and  following  DNA-damage  exposure  [8,  9]. 

It  is  interesting  that  the  significant  decrease  seen  in  the  total  frequency  of  eyespots  ( P 
<  .05,  P  <  .01,  respectively;  Kolmogorov-Smimov)  was  also  recapitulated  in  the  distribution 
pattern  of  these  eyespots  following  camptothecin  and  HU  exposure  (Fig.  2a).  For  HU,  the 
distribution  difference  is  significant  amongst  single-cell  reversion  events  ( P  <  .05;  Kolmogorov- 
Smimov),  with  an  apparent  lack  of  eyespots  directly  following  exposure,  possibly  due  to  cell 
death  (Fig.  2b).  Although  not  significant,  the  patterning  of  eyespots  following  camptothecin 
exposure  indicates  a  loss  in  multicell  eyespots  in  the  more  distal  regions  of  the  RPE,  suggesting 
cytotoxicity  in  proliferating  cells  or  an  alternative  pathway  to  repair  the  damage  (Fig.  2c). 

Previous  work  by  Bishop  et  al.  correlated  an  induction  of  damage-induced  HR  (using 
benzo[a]pyrene)  to  a  particular  time  in  fetal  development  [8].  Based  on  these  calculations,  we 
performed  our  inductions  at  embryo  day  12.5  to  maximize  exposure  to  proliferating  cells. 
However,  the  lack  of  significance  in  multicell  reversion  events  following  most  of  the  DNA- 
damaging  agents  suggests  that  we  might  have  missed  the  optimal  “signal-to-noise”  ratio  for  the 
agents  used.  Still,  the  results  reported  here  suggest  a  significant  difference  in  the  repair  of 


different  types  of  lesions  resulting  from  exposure  to  different  types  of  agents. 

4.  Discussion 

Exposure  to  environmental  genotoxins  or  endogenous  byproducts  of  normal  cellular 
processes  represents  a  peril  to  genomic  integrity.  Given  this,  many  species  have  adapted  a  robust 
set  of  DNA-repair  processes  that  can  remove  DNA  lesions  and  hopefully  maintain  the  integrity 
of  the  genetic  material.  Each  repair  process  has  a  preferred  substrate,  although  the  significant 
redundancy  that  exists  between  these  processes  creates  overlap  in  the  substrates.  For  example,  it 
has  been  shown  that  base  excision  repair,  nucleotide  excision  repair,  and  recombination  can  all 
repair  the  alkylation  damage  associated  with  MMS  exposure  [22].  Actually,  HR  is  a  process  that 
should  be  capable  of  repairing  any  genotoxic  DNA  lesion  given  the  appropriate  homologous 
template.  However,  the  fact  that  HR  must  be  kept  in  delicate  balance  to  maintain  genomic 
integrity  and  curb  tumorigenesis  is  evidenced  by  mouse  models  deficient  in  key  HR  proteins.  For 
instance,  previous  work  using  the  pun  eyespot  assay  with  mice  deficient  in  BRCA1  (breast  cancer, 
1  early  onset)  resulted  in  a  decreased  frequency  of  HR  compared  to  wild-type  mice,  In  contrast,  a 
hyperrecombination  HR  phenotype  was  seen  in  mice  lacking  RecQ  helicase,  BLM,  the  gene 
associated  with  Bloom  syndrome  [23].  BRCA1  and  BLM  deficiency  yield  a  polarized  HR 
phenotype,  yet  both  lead  to  a  higher  incidence  of  cancer,  most  likely  because  of  increased 
chromosomal  instability  due  to  an  imbalance  of  HR  repair.  In  this  study,  we  sought  to  determine 
whether  previously  established  DNA-damaging  agents,  either  naturally  occurring  or 
manufactured,  were  able  to  elicit  deletion  events  at  a  particular  locus  by  using  the  in  vivo  pun 
mouse  model.  By  determining  the  frequency  of  pigmented  cell  spots  in  the  RPE,  we 
demonstrated  that  in  utero  exposure  to  these  agents  at  an  established  time  in  embryo 
development  resulted  in  an  increased  frequency  of  reversion  events  in  our  system  compared  to  a 


saline  control.  This  increased  frequency  of  HR  in  the  RPE  following  exposure  to  DNA-damaging 
agents  is  likely  to  be  representative  of  the  somatic  mutation  and  genetic  alterations  that  may  be 
induced  in  other  highly  proliferative  cells  during  embryo  development.  Any  such  somatic  change 
in  development  has  the  potential  to  be  clonally  expanded,  altering  the  genetic  makeup  of  subsets 
of  cells  in  the  adult  body  with  long-term  consequences  on  the  genetic  integrity  of  cells. 

The  cytoplasm  of  a  wild-type  RPE  cell  is  packed  with  melanosomes  (specialized 
organelles  filled  with  melanin  granules),  which  give  these  light-sensitive  cells  their  dark  guise. 
The  murine  pink-eyed  dilution  gene,  p  (also  called  the  Oca2  gene)  encodes  for  the  P  protein, 
which  is  involved  in  maintaining  the  pH  balance  necessary  for  melanin  production  [24].  When 
the  p  gene  is  nonfunctional  (as  in  the  p“n/""  genotype),  melanin  production  is  compromised, 
resulting  in  a  dilute  color  compared  to  the  normal,  robust,  black-brown  pigmentation  in  the  RPE 
and  other  pigmented  tissues,  such  as  the  fur.  In  the  event  of  an  HR  reversion  of  the  disrupting  70 
kb  duplication  segment  in  the  pu"  mutation,  a  pigmented  eyespot  can  be  visualized  among  a  clear 
background.  This  readout  allows  us  to  determine  baseline  frequencies  of  HR,  which  we  suggest 
is  normal  maintenance  to  ensure  genomic  integrity  as  well  as  any  deviations — either  hypo-  or 
hyperrecombination — as  evidenced  by  the  aforementioned  work  done  with  mouse  models 
deficient  in  HR  proteins  [23],  as  well  as  others  [18,  25]. 

Studies  that  offer  information  about  the  developmental  timing  in  which  drugs  might  act 
can  provide  insight  into  consequences  of  clonal  expansion  of  these  somatic  mutations.  Due  to  its 
modes  of  action  (adduction  and  cross-linking  of  DNA),  cisplatin  results  in  DNA  damage.  Once 
this  damage  is  detected,  DNA-repair  machinery  (such  as  HR)  is  initiated,  or  else  the  damage 
elicits  an  apoptotic  response.  Exposure  to  cisplatin  has  been  shown  to  increase  sister  chromatid 
exchanges  (SCEs)  [26],  a  crossover  event  between  2  sister  chromatids  that  is  most  likely  a  result 


of  HR  [27].  In  agreement  with  the  findings  of  this  in  vitro  study,  cisplatin  was  also  a  strong 
inducer  of  HR  in  our  assay  for  the  dose  that  was  used.  We  saw  a  robust  increase  in  total  and 
single-cell  eyespots  and  a  nonsignificant  increase  in  multicell  eyespots  in  the  RPE  of  embryos 
harvested  from  pregnant  dams  exposed  to  a  single  dose  of  2.5  mg/kg  of  cisplatin.  This  dose 
would  be  considered  relatively  low  by  clinic  standards,  which  are  often  higher  and  given  in 
multiple  regimens;  nonetheless,  the  dose  was  able  to  elicit  a  response  in  our  system,  suggesting 
that  HR  is  instigated  in  response  to  lesions  involving  DNA  adducts  and  cross-linking  damage. 

Alkylating  chemotherapy  drugs,  such  as  temozolomide,  ifosfamide,  and 
cyclophosphamide,  have  their  effect  in  every  phase  of  the  cell  cycle  and  are  thus  desirable  for 
use  on  a  wide  range  of  cancers.  They  have  been  shown  to  be  very  effective  in  the  treatment  of 
slow-growing  cancers,  solid  tumors,  and  leukemia  but  are  also  used  to  treat  lung  cancer,  ovarian 
cancer,  breast  cancer,  and  others.  Both  MMS  and  EMS  are  S(N)2  agents  involved  in  base  N- 
methylation  that  can  lead  to  the  formation  of  apurinic  sites  that  block  replication  [28].  Point 
mutations  are  a  common  and  typical  consequence  of  alkylation  damage  due  to  guanine  alkylation, 
as  are  DNA  strand  breaks  and  DNA  fragmentation.  That  these  agents  induce  HR  has  been 
indicated  by  an  increase  in  SCEs  in  various  murine  tissues  (including  bone  marrow,  liver,  and 
kidney  tissues)  following  intraperitoneal  injection  of  MMS  [29].  The  frequency  of  HR  was  also 
examined  using  recombination  between  2  tandemly  arranged  neomycin  gene  fragments  in  the 
ovary  cells  of  Chinese  hamsters  (CHO:5)  and  was  found  to  be  increased  by  MMS  treatment  [30]. 
Using  the  in  vivo  pun  fur-spot  assay,  other  studies  have  demonstrated  that  HR  is  induced  by  either 
EMS  or  MMS  [10],  which  we  now  recapitulate  in  this  paper  using  the  more  sensitive  RPE-based 
pun  mouse  model.  We  observed  a  significant  increase  in  total  and  single-cell  eyespots  and  a  less 
robust  increase  in  eyespots  consisting  of  more  than  one  cell  later  in  development  (distal  regions 


of  RPE)  following  MMS  exposure.  The  latter  results  contrast  our  initial  finding  with  the  pun  fur- 
spot  assay,  which  is  reliant  on  clonal  expansion  of  pu"  reversion  events  to  produce  observable  fur 
spots,  indicating  that  we  were  able  to  detect  multicell  events  in  this  tissue.  We  interpret  this 
result  to  mean  that  the  induction  of  multicell  events  was  too  weak  for  the  dose  used  to  observe  an 
increase  above  the  background  frequency  of  spontaneous  events  in  the  RPE.  Alternatively,  if  we 
had  performed  our  exposures  at  an  earlier  time  in  fetal  development  (for  example  at  E10.5 
similar  to  previous  studies  with  other  agents  [9]),  then  perhaps  we  could  have  observed  a  clearer 
induction  as  the  background  spontaneous  frequency  of  multicell  events  is  considerably  less  in  the 
proximal  region  of  the  RPE.  This  may  explain  the  general  lack  of  significant  induction  of 
multicell  events  for  all  our  exposures  in  this  study. 

Seminal  work  showing  that  PARP1  is  involved  in  DNA  repair  [31]  and  activated  by 
ionizing  radiation  and  alkylation  damage  paved  the  way  for  PARP  inhibitors  to  be  used  in  a 
“synthetic  lethality”  approach  with  chemotherapeutic  agents  [32].  Much  work  has  been  done  in 
the  form  of  mouse  models  of  PARP  and  in  in  vitro  work  that  reveals  its  role  as  an  early 
responder  to  DNA  damage  and  facilitator  of  HR  [33,  34].  PARP  inhibition  by  3AB  is  a  potent 
inducer  of  SCEs  in  CHO  cells  [35,  36].  A  hyperrecombination  phenotype  was  also  observed  in 
work  done  by  Claybon  et  al.  using  Parpl  nullizygous  mice  [18].  In  the  present  study,  we  also 
show  that  pharmacological  inhibition  of  PARP1  activity  can  induce  HR  in  the  in  vivo  pun  eyespot 
assay.  We  saw  a  significant  increase  in  total  and  single-cell  eyespots,  and  although  not 
significant,  a  spike  in  multicell  events  closely  following  3AB  exposure.  In  the  Parpl  nullizygous 
study,  the  greatest  increase  was  in  multicell  events,  which  is  to  be  expected  considering  that 
PARP1  preferentially  binds  to  single-strand  breaks,  which  is  a  critical  step  in  base-excision 
repair.  In  the  absence  or  inhibition  of  PARP  1,  a  situation  occurs  where  single-strand  breaks  are 


not  repaired  correctly,  resulting  in  a  collapsed  replication  fork  due  to  recombinogenic-associated 
double-strand  break  lesions  in  replicating  cells  [37,  38].  The  weaker  response  in  multicell  events 
observed  in  the  present  study  might  reflect  either  the  transient  nature  of  the  inhibitor  exposure  or 
the  aforementioned  issue  with  high  background  in  spontaneous  multicell  events  for  our  selected 
time  of  exposure. 

Several  studies  involving  radiation  influence  have  reported  an  increased  occurrence  of 
cancer  following  in  utero  exposure  [39,  40].  Bleomycin  is  generally  considered  to  be 
radiomimetic  and  a  potent  source  of  oxidative  stress  [41].  Bleomycin  and  the  other  enediyne 
antibiotics  achieve  site-specific  free  radical  attacks  on  sugar  moieties  in  both  strands  of  DNA 
that  can  result  in  double- strand  breaks  [41].  These  breaks  have  been  shown  to  induce  HR 
following  bleomycin  exposure,  as  measured  by  SCEs  in  CHO  cells  [42].  A  similar  phenomenon 
of  robust  induction  of  HR  reversion  events  in  more  central  regions  of  the  RPE,  and  specifically 
in  single-cell  eyespots  as  seen  in  this  study,  was  also  reported  in  a  paper  by  Bishop  et  al.  using 
the  pun  eyespot  assay  with  X-ray  damage  [9].  Further,  the  single-cell  reversion  events  appear  to 
have  occurred  quickly  and  for  a  limited  duration,  following  bleomycin  exposure,  similar  to  the 
inductions  observed  with  ionizing  radiation  reported  previously  [43]. 

Etoposide  belongs  to  one  of  2  classes  of  agents  involved  in  enzyme-mediated  anticancer 
properties  through  the  stabilization  of  TOP2-DNA  complexes  and  halting  processes,  such  as 
transcription  or  replication.  Although  effective  in  clinical  therapy,  etoposide  often  results  in 
secondary  malignancies;  indeed,  it  is  thought  that  chemotherapy  drugs  targeting  the  TOP2[3 
isoform  may  be  the  source.  Etoposide  has  been  shown  to  induce  recombination  in  several  studies. 
For  instance,  etoposide  induces  SCEs  in  both  CHO  cells  [44]  and  cultured  human  lymphocytes 
[45].  Furthermore,  this  potent  TOP2  inhibitor  has  been  shown  to  induce  somatic 


intrachromosomal  recombination  in  a  whole  mouse  transgenic  (pKZI)  mutagenesis  model  in 
which  a  lacZ  transgene  is  only  expressed  after  a  DNA  inversion  [46,  47].  In  our  study  we  were 
able  to  directly  demonstrate  that  etoposide  is  capable  of  strongly  inducing  HR,  specifically 
resulting  in  an  increase  of  single-cell  eyespots. 

Camptothecin  binds  the  TOP1-DNA  complex  selectively  and  efficiently,  making  it  a 
potent  chemotherapeutic.  This  agent  has  been  shown  to  be  involved  in  recombination  in  many 
tissue  culture  studies  involving  the  induction  of  SCEs  in  CHO  and  human  lymphoid  cell  lines 
[45,  48,  49,  50,  51,  52].  Enhanced  frequency  of  reversion  was  seen  in  an  Hprt- gene -based 
reversion-mutation  assay  in  a  CHO  V79  plasmid  system  measuring  intrachromosomal 
recombination  following  camptothecin  exposure  [53].  Surprisingly,  we  did  not  have  a  robust 
induction  of  HR  in  our  pun  eyespot  assay,  although  our  preliminary  fur-spot  results  indicated  an 
induction  recapitulating  an  earlier  report  with  the  p"n  fur-spot  assay  using  this  agent  [19].  Again, 
we  observed  a  clear  difference  between  our  RPE  and  the  fur-spot  assay,  suggesting  tissue- 
specific  differences.  A  developmental  requirement  for  functional  TOPI  has  also  been  evidenced 
by  the  death  of  Topi  knockout  mice  early  in  embryogenesis  [54]. 

Nucleotide  pool  disequilibrium  is  now  a  strong  possibility  in  explaining  many 
phenomena,  such  as  replication  stress  associated  with  aberrant  activation  of  the  RB-E2F  pathway 
in  early  stages  of  cancer  [55]  and  slowed  replication  speed  in  Bloom  syndrome  [56].  HU  inhibits 
ribonucleotide  reductase,  an  enzyme  crucial  in  the  conversion  of  ribonucleotides  into 
deoxyribonucleotides  essential  for  DNA  synthesis.  A  tight  balance  of  intracellular 
deoxyribonucleoside  triphosphate  (dNTP)  pools  must  be  kept  to  maintain  genomic  integrity  in 
yeast  and  at  sites  of  damage  in  mammalian  cells.  In  fact,  many  studies  have  shown  that 
alterations  in  dNTP  pools  are  coupled  with  genomic  instability,  mutagenesis,  and  tumorigenesis 


[57].  Insufficient  nucleotides  will  cause  DNA  replication  stress  and  perhaps  replication  fork 
collapse,  situations  known  to  induce  HR.  In  this  respect  HU  treatment  has  been  shown  to  be  a 
positive  inducer  of  SCEs  in  CHO  cells  [58,  59].  However,  we  did  not  observe  an  induction  of 
HR  in  the  eyespot  assay  following  HU  exposure,  but  did  observe  a  significant  decrease,  similar 
to  camptothecin. 

Both  camptothecin  and  HU  exposure  produced  a  surprising  result  in  that,  for  the  doses 
chosen,  there  was  an  apparent  induction  of  fur-spots  but  a  very  significant  decrease  in  eyespots. 

It  is  possible  that,  at  the  time  during  development  that  we  performed  our  exposures,  E12.5 — 
melanocyte  precursors  (dormant  migrating  melanoblasts)  that  pigment  the  fur — are  more  robust 
or  refractory  to  DNA  damage,  while  the  rapidly  dividing  RPE  cells  are  either  more  sensitive  or 
utilize  an  alternative  pathway  to  repair  the  DNA  lesions  produced  by  camptothecin  and  HU. 
Cultured  human  RPE  cells  appear  to  be  very  sensitive  to  camptothecin  [60],  and  camptothecin 
cytotoxicity  has  been  shown  to  be  dependent  on  DNA  synthesis,  as  the  DNA  polymerase 
inhibitor  aphidicolin  completely  blocks  camptothecin  cytotoxicity  [61].  Although  a  tissue 
specific  cytotoxicity  in  the  developing  RPE  is  a  plausible  explanation,  it  does  not  explain  why 
we  observed  a  decrease  in  HR  events  in  the  RPE  below  that  of  spontaneous  levels.  We  have  only 
ever  observed  a  decreased  frequency  of  eyespots  when  there  was  a  genetic  deficiency  impairing 
the  homologous  recombination  process,  such  as  BRCA1  or  BRCA2  deficiency  ([23]  and 
unpublished  data).  An  alternative  explanation  is  that  the  camptothecin-induced  damage  in  the  pun 
gene  is  repaired  differently  in  RPE  cells  compared  to  melanoblasts.  It  is  interesting  to  not  that  the 
Oca2  gene  within  the  RPE  is  expressed  at  this  time  of  development  but  not  in  melanoblasts  [62]. 
Camptothecin  will  interrupt  both  RNA  and  DNA  polymerase  progression;  thus;  it  is  possible  that 
any  damage  within  the  pun  gene  could  be  repaired  by  another  mechanism,  possibly  a 


transcription-coupled  repair  mechanism,  obviating  the  need  for  HR  repair.  Similarly,  the  lack  of 
recombination  following  HU  exposure  might  be  due  to  a  higher  order  response  that  results  in  a 
replication  restart  (thus  avoiding  frequent  double-strand  breaks  caused  by  fork  collapse)  rather 
than  recombination-mediated  gene  conversions  that  would  be  visualized  by  the  pun  assay  (see 
model  in  [23]).  For  instance,  DNA  fiber  analysis  revealed  a  defect  in  replication-fork  recovery 
following  HU-mediated  imbalance  of  dNTP  pools  and  a  subsequent  replication  block  in  BLM- 
deficient  cells  [63].  This  suggests  that  BLM  may  be  involved  in  recovering  a  stalled  fork  before 
a  collapse  can  occur  (presumably  induced  by  HU).  If  a  low  level  of  exposure  to  HU  stimulates 
BLM  activity,  then  converse  to  the  hyperrecombination  phenotype  in  the  pun  eyespot  assay  we 
reported  in  the  absence  of  BLM  [23],  activated  BLM  would  be  expected  to  reduce  the  frequency 
of  pun  reversion  events  and  may  provide  a  reasonable  explanation  for  the  decreased  frequency  of 
eyespots  we  observed.  It  is  interesting  that  both  camptothecin  and  HU  are  known  to  result  in 
BLM  phosphorylation  and  presumably  its  activation  [64]. 

According  to  the  American  Cancer  Society,  in  2013  about  580,350  Americans  are 
expected  to  die  of  cancer.  Cancer  is  the  second  most  common  cause  of  death  in  the  United  States, 
and  cancer  in  children  has  an  annual  incidence  of  about  150  new  cases  per  1  million  U.S. 
children.  All  cancers  involve  the  malfunction  of  genes  and  the  other  contributions  may  be 
additive  over  a  lifetime  of  internal  and  external  risk  factors.  Given  the  number  of  cell  divisions 
during  in  utero  development,  it  is  likely  that  there  is  a  higher  sensitivity  during  this  time  to 
carcinogen  exposure  [66,  67,  68,  69].  In  addition,  this  might  be  due  to  less  efficient  DNA  repair 
or  defective  apoptotic  mechanisms  that  facilitate  DNA  damage  into  subsequent  cell  divisions 
[70].  Further,  in  mice,  about  one  third  of  mutations  arise  before  birth  [71].  Animal  and  human 
epidemiologic  studies  show  a  causal  relationship  for  in  utero  exposures  (ie,  diagnostic 


radiographs  [72])  and  cancer  incidence  in  children  [73,  74,  75].  Given  this,  in  utero  exposure 
during  critical  times  in  development  to  DNA-damaging  agents  or  other  sources  of  damage  may 
cause  a  clonal  expansion  of  somatic  mutations.  The  present  study  showed  that  a  relatively  low 
single  exposure  to  a  wide  variety  of  differently  acting  agents  resulted  in  an  increase  of  genomic 
rearrangement  (a  DNA  deletion)  at  one  site  in  the  genome.  Notably,  this  one  genomic  site  can  be 
considered  to  be  representative  of  up  to  12%  of  the  genome  with  similar  structures.  This  would 
seem  to  suggest  that  a  significant  amount  of  somatic  genomic  rearrangements  might  be  occurring 
as  a  consequence  of  environmental  fetal  exposures,  which  likely  has  a  significant  impact  on  the 
genetic  diversity  present  in  somatic  tissues.  This  may  explain  some  of  the  higher  incidences  of 
cancer  associated  with  prenatal  exposures. 
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Table  1 


INDUCTION  OF  HOMOLOGOUS  RECOMBINATION 


Table  1:  pun  Fur-spot  assay  results  following  exposure  to  varying  DNA-damaging  agents  and  a 
saline  control 


agent 

dose 

(mg/k) 

number 
of  dams 
injected 

litters 

number  of  pups 

total 

pups 

spotted 

pups 

% 

spotted 

Control 

0.9% 

8 

8 

8 

8 

8 

6 

6 

5  5 

4  50 

9 

18 

normal 

saline 

Cisplatin 

2.5 

7 

4 

9 

8 

5 

3 

25 

8 

32 

MMS 

100.0 

6 

4 

7 

6 

6 

4 

23 

23 

100 

0.2 

6 

6 

9 

8 

8 

8 

7 

5 

45 

10 

22 

EMS 

100.0 

4 

3 

7 

6 

5 

18 

0 

0 

Bleomycin 

10.0 

5 

2 

3 

1 

4 

3 

75 

5.0 

4 

3 

11 

8 

3 

22 

4 

18 

2.5 

8 

5 

8 

7 

6 

6 

5 

32 

5 

16 

1.0 

3 

1 

3 

3 

0 

0 

3AB 

400.0 

4 

3 

8 

6 

6 

20 

0 

0 

300.0 

4 

3 

9 

8 

7 

24 

0 

0 

200.0 

4 

3 

7 

6 

4 

17 

0 

0 

100.0 

4 

3 

11 

10 

6 

27 

0 

0 

Etoposide 

60.0 

3 

0 

40.0 

3 

0 

20.0 

7 

2 

6 

8 

14 

3 

21 

10.0 

7 

0 

5.0 

6 

1 

4 

4 

3 

75 

2.5 

3 

3 

7 

5 

2 

14 

5 

36 

1.0 

3 

3 

7 

5 

4 

16 

3 

19 

Camptothecin 

40.0 

4 

0 

20.0 

4 

0 

10.0 

4 

0 

5.0 

3 

0 

2.0 

9 

2 

2 

4 

6 

1 

17 

1.0 

5 

5 

8 

5 

6 

5 

4 

28 

10 

36 

Hydroxyurea 

5000.0 

4 

0 

3000.0 

4 

1 

8 

8 

2 

1000.0 

4 

0 

300.0 

3 

3 

8 

6 

8 

22 

6 

27 

200.0 

2 

1 

3 

3 

1 

33 

100.0 

2 

2 

6 

2 

8 

0 

0 

Table  2 
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Table  2:  Summary  of  pun  reversion  events  and  RPE  examined  following  a  saline  control  and 


various  DNA-damaging  agents 


Agent 

Dose 

(mg/kg) 

Total 

Average 

RPE 

Eyespots 

Cells 

Eyespots 
per  RPE 

Cells  per 
RPE 

Cells  per 
eyespot 

Control 

Saline 

26 

104 

203 

4.0+  1.1 

7.8  +4.0 

2.0  +  1.3 

Cisplatin 

2.5 

16 

140 

404 

8.8  ±3.2 

25.3  +  22.5 

2.9 +  4.4 

MMS 

0.2 

15 

123 

290 

8.2 +  3.6 

19.3  +  14.2 

2.4 +  2.9 

EMS 

100.0 

17 

133 

281 

7.8 +  2.6 

16.5+9.6 

2.1  +2.2 

3AB 

400.0 

17 

104 

215 

6.1  +2.6 

12.6  +  9.6 

2.1  +2.0 

Bleomycin 

5.0 

17 

106 

274 

6.2 +  3.0 

16.1  +  15.7 

2.6 +  3.4 

Etoposide 

2.5 

16 

97 

255 

6.1  +2.4 

15.9  +  10.5 

2.6 +  3.5 

Camptothecin 

1.0 

17 

31 

45 

1.8  +  1.9 

2.6 +  3.3 

1.5  +  1.7 

Hydroxyurea 

300.0 

17 

29 

78 

1.7 +  2.4 

6.5  +  14.4 

3.0 +  3.5 

per  RPE 
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Figure  2 

(A)  Total  Eyespots  (B)  Single-cell  Eyespots  (C)  Multi-cell  Eyespots 
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Figure  caption 


INDUCTION  OF  HOMOLOGOUS  RECOMBINATION 
Figure  Captions 

Figure  1:  Tukey  box  and  whiskers  plot  of  the  frequency  of  pun  reversion  events  for  (a)  total  (b) 
single-cell  and  (c)  multicell  eyespots  per  RPE  following  saline  control  and  DNA-damaging 
agents.  The  dashed  line  indicates  the  control  frequency  for  comparison.  A  nonparametric  Mann- 
Whitney  test  was  used  to  analyze  the  frequency  data;  increased  significance  is  denoted  by 
asterisks  (*P  <  .05,  **P  <  .01,  ***P  <  .001,  ****P  <  .0001)  and  a  significant  decrease  is  denoted 
by  diamonds  (**P  <  .01,  ***P  <  .001,  ****P<  .0001). 

Figure  2:  Position  analysis  of  reversion  events  per  RPE.  Position  intervals  are  indicated  on  the  x- 
axis,  where  the  0.0  position  interval  corresponds  to  the  central  region  of  the  RPE  near  the  optic 
nerve  and  the  position  interval  1.0  represents  the  edge  of  the  RPE.  A  Kolmogorov-Smirnov  test 
was  used  to  analyze  position  distributions  with  individual  significance  denoted  in  each  figure. 


Table  A.1 

Click  here  to  download  Supplementary  Material:  Table_A.1_lnductions_of_Homologous_Recombination.docx 


Specific  Aim  1:  Determine  whether  DNA-damaging  agents  with  varying  modes  of  action  can  induce  somatic 
change  in  an  in  vivo  mouse  model  of  homologous  recombination 
Time  frame:  1  year 

■  Breed pm  un  mice  (months  1-3) 

■  Expose  pregnant  dams  to  DNA-damaging  agent  (chemo therapeutics),  conferring  a  variety 
of  lesions  at  a  specific  time  in  embryo  development  (E12.5)  (month  4-6) 

■  Assess  the  frequency  of  spontaneous  pun  HR  deletion  on  resultant  pups  from  exposed 
dams  (months  7-12) 


o  Milestone:  publication  of  different  DNA  damaging  agents  (chemotherapeutics)  administered  in 
vivo  and  their  role  in  homologous  recombination. 

Specific  Aim  2:  Determine  whether  p53  mutants  R1 72P  and  R1 72H  suppress  spontaneous  levels  of 
homologous  recombination  the  same  as  wild-type  p53. 

o  Time  frame:  1  year 

■  Continue  to  expand  R172P,  R172H  and  neo  cohorts  (months  1-12) 

■  Continue  to  intercross  heterozygous  mice  in  each  cohort  (months  1-12) 

•  p5  3  p  ,  p5  3  p  and  p5  3  p 

■  Assess  the  frequency  of  spontaneous  pun  HR  deletion  for  each  p53  genotype  (months  5- 

12) 

■  Set  up  timed  matings  for  primary  MEFs  of  each  p53  genotype  (months  5-12) 

•  Intercross  heterozygous  mice:  p53  p  ,p53  p  and /?;>:>  p 

■  Rad5 1,  Rad52,  53bpl  Foci  using  primary  MEFs  (months  5-12) 

■  Co-immunoprecipitation  experiments  to  detennine  differential  binding  of  wildtype  and 

mutant  p53  to  proteins  in  the  HR  pathway 

■  In  vitro  DR-GFP,  SSA  assay  to  determine  the  mechanism  of  HR  being  utilized  by  p53 

■  Microarray  analysis  of  differential  p53  target  genes  in  wildtype  and  p53  mutant 
genotypes 

o  Milestone:  publication  comparison  of  spontaneous  HR  frequency  data  between  p53  mutants, 
wild  type  and  nullizygous  mice.  Include  in  vitro  data  showing  the  mechanism  by  which  p53  is 
suppressing  HR  -  transcriptional  transactivation/repression  or  protein:  protein  interaction  with 
HR  machinery. 


Specific  Aim  3.  Determine  the  global  impact  of  p53  by  measuring  copy  number  variation  in  p53  mutant 
mouse  models. 


o  Time  frame:  1  year 

■  Set  up  timed  matings  for  primary  MEFs  of  each  p53  genotype  (months  5-12) 
•  Intercross  heterozygous  mice:  p53RI  7~P/+  punlun,  p53RI  ?JI  //in  un 


•  Culture  MEFs  and  harvest  DNA  using  Qiagen  kit 

•  Harvest  respective  tumor  tissue  and  extract  DNA 


•  Perform  an  aCGH  on  samples  using  JAX  standard  DNA  as  reference  genome 


o  Milestone:  additional  data  for  publication  in  specific  aim  2.  Global  genomic  component  of  p53 
mutation  on  genetic  variation. 


